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ABSTRACT 
The influence of Pd, Mn and Fe on the activity and selec-
tivity of the Cu/ZnO = 30/70 mol% methanol synthesis catalyst 
has been studied. These ternary catalysts were prepared by· 
coprecipitation from nitrate solutions by the addition of 
sodium carbonate. After a reduction treatment at 250°C with 
H2/N2 = 2/98 vol%, the catalysts were first tested for activity 
with a H2/co/co2 = 70/24/6 vol% synthesis gas at 75 atm, 
250°C, and a GHSV = 5000 hr-l. 
When palladium and manganese were incorporated into 
the binary system, the principal catalyst consisted of the 
Cu/ZnO complex, which was moderated in its methanol activity 
by these metals. The steady state carbon conversions of the 
Pd and Mn containing catalysts, at the synthesis conditions 
stated above, were 10.5 and 9.1 mol%. The product distri-
bution of the Pd catalyst was 97.7% methanol and 2.3% c 1-
c3 hydrocarbons, while that of the Mn catalyst was 99.9% 
methanol and 0.1% ethanol. The low activity of these cat-
alysts, however, was attributed to the relatively small 
2 surface areas (20 m /g), and the presence of trace quantities 
of chlorine, a poison, on the catalyst surface. 
Addition of iron to the Cu/ZnO catalyst lead to an 
increase in the higher molecular weight compounds. As the 
iron content was increased from 0.3, 1.2 to 9.0 mol%, the 
mole ratio of total alcohols to hydrocarbons decreased, but 
the c 2+ alcohol yield increased. Although the synthesis ix 
activity of the 1.2 mol% Fe catalyst (10.6 mol% carbon con-
version) was lower than that of the selective binary cat-
alyst (55 mol%), the c 2+;c1 alcohol ratio was 0.22, while 
the c1-c5 alcohols/c1-c7 hydrocarbons ratio was 0.51. The 
latter ratio could be increased by increasing the space vel-
ocity, indicating that alcohols were amoung the primary 
products. The c 2+;c1 alcohol ratio could be steadily increased 
by decreasing the H2/co ratio stepwise from 2.3 to 0.4, by 
decreasing the pressure from 75 to 12 atm, and by increasing 
the temperature from 225 to 250°C. In all cases, the olefin/ 
paraffin ratio was low, e.g. 0.10 for the 1.2 mol% Fe catalyst 
at the experimental conditions given above. At these con-
ditions, the Schulz-Flory distribution for hydrocarbons 
yielded an a value of 0.55, while the distribution for the 
alcohols gave a=0.32. Values of a ranged from 0.32 to 0.47 
for alcohols and 0.46 to 0.55 for hydrocarbons depending on 
the reaction conditions. Also, slow deactivation of the 
catalyst (1-2 mol% carbon conversion per 24 hours) was due 
to a loss in surface area resulting from polymeric surface 
carbons. 
When isopropylamine was added to the synthesis gas mix-
ture H2/co = 70/30 vol% at 235°C over the 1.2 mol% Fe catalyst 
to trap the oxygenated intermediates, the~ value of hydro-
carbons increased from 0.53 to 0.58 as did the olefin/paraf-
fin ratio, from 0.10 to 1.4. The change in the hydrocarbon 
X 
I . 
i 
distribution was explained as a decrease in the rate of 
hydrogenation due to the inhibiting effects of the amine. 
While the alcohols were consumed completely in this exper-
iment, the distribution of amines consisted of secondary 
and tertiary amines which did not obey the Schulz-Flory 
law, indicating that the amines had reacted with the alcohol 
precursor and not the readsorbed alcohols. 
A mechanistic reaction scheme which qualitatively 
describes the observed alcohol and hydrocarbon distribution 
over the Fe/Cu/7.nO system is also presented. Growth of the 
hydrocarbons was assumed to occur over large iron particles 
while alcohols were formed over finely dispersed Fe and 
Cu/ZnO particles. The alcohols were produced by the inter-
action of the methanol precursors and iron-bound intermediates. 
The methanol precursor behaves as the monomer in alcohol 
synthesis. 
Xl 
1. Literature ~eview 
1.1 Introduction 
The escalation 1n the price of crude oil in the past 
decade has brought about a significant increase 1n the 
price of liquid fuels and oil-based chemicals. As oil 
becomes more and more expensive, petroleum and chemical 
industries become further dependent on alternative feed-
stocks, such as coal, shale oil and biomass. It 1s from 
these resources that the synthesis gases, carbon monoxide 
and hydrogen, are produced and then, in turn, converted 
to hydrocarbon and oxygenated chemicals by catalytic 
processes. For example, an important industrial process 
is the synthesis of methanol by the hydrogenation of 
carbon monoxide. Of similar importance, is the Fischer-
Tropsch process of converting synthesis gas to liquid 
fuels and base chemicals. The types of chemicals formed 
1n these industrial processes depend largely on the nature 
of the catalyst and the operating conditions. Research in 
the area of improving existing catalytic processes contin-
ues, as well as, in the areas of developing new routes for 
chemical synthesis. 
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1.2 Thermodynamics 
The thermodynamics for alcohol and hydroc~rbon synthesis 
from carbon monoxide and hydrogen are discussed for many 
reactions (1,2,3). Tt should be emphasized that the thermo-
dynamic data indicale only the possibl~ extcnl al wh-ich 
reactions can procc~d as defined by lhcir equilibrium con-
stants. In flowin~ systemsj the rate of reaction and the 
ca ta lys t con tac l lime act ua 11 y determine lhe nea rn<·ss .of 
conversia.n to eyuilibri.um. rf· two or more react.ions are 
thermodynamically fc1vorilbl.c, the uroduct di.stri.buL_ion will 
depend on the rate~ of each rcc1ction and th<! abi Li t.y for 
those products to form stc1ble compounds. The catalyst i.s 
used lo c1ccclerc1Le the rate of formation of Uw products, 
as W(!ll. as, to selcct."ively cont.rol the! re·action!-; .to Lhf! 
desired products. 
Rcc1ctions producil1q aLcohol:s, oLcfins ,rnd para ff ins 
may be represented by equcJtions 1..1., L.2 and 1.1. 
(1. 1) 
( 1 • 2) 
( 1. ·i) 
'l'he free ent!.rqy varic1L_iuns ul thus<! reacl iun:j wit Ii t ,~11l(H·r-
iJlure c:lr.l! shown in Fi q. L. 1. it m,1y l,H~ d(•dtJC(•d l rolll t lH_':;,• 
curves th.JI.. Ufci sL.1bi 1 it.y ol Llw product:s dt!Cr(•C:1~w:; .i:; Lh<• 
ternpc!rature- incr<!ases. /\.!so, Uw st.1bi l i Ly of ·hiqlwr 
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Free Energy Variation with Temperature 
(Reproduced from reference 3) 
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-·-· formation of paraffins eq. 1. 3 
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alcohols increases with the number of carbon atoms in their 
molecules, while that for higher hydrocarbons decreases 
with an increase in carbon atoms. In general, the formation 
of hydrocarbons are thermodynamically more favorable than 
that of alcohols, and therefore, it is necessary to use a 
highly selective catalyst in the synthesis of higher alcohols. 
Aside from alcohol and hydrocarbon formation, other 
important reactions that are possible include: 
Formaldehyde ( 1. 4) 
Dimethylether ( 1. 5) 
2CO =CO2 + C Boudouart ( 1. 6) 
CO+ H20 =CO2 + H2 Water-Gas Shift(WGS) ( 1. 7) 
The free energies of these reactions are summarized in 
Table 1.1 for temperatures of 127, 227 and 327°C. It is 
shown that methanol formation is not favored at the higher 
temperatures, as well as, the formation of formaldehyde and 
dimethylether. Methanation, on the other hand, is the most 
favorable reaction, followed by the Boudouart and WGS 
reactions. Since reaction 1.6 is thermodynamically stable 
at temperatures below 327°C, it is possible that the 
catalyst surface may be susceptible to some coke deposition. 
Also, it should be noted that the consumption of water by 
4 
Table 1.1 
Free Energies for some CO Hydrogenation Reactions 
toG0 kcal/mole 
Temperature ( oc) 127 227 327 
Reaction: 
Methanol ( 1.1) -0.80 +5.00 +10.80 
Formaldehyde ( l. 4) +8.77 +11.19 +13.74 
Dimethylether (l. 5) -6.14 +4.23 +15.13 
Methane (l. 3) -28.56 -23.01 -17.29 
Boudouart (1. 6) -24.31 -20.02 -15.73 
WGS ( l. 7) -5.81 -4.85 -3.92 
the WGS reaction 1n equations l.l, 1.2, and 1.3 is possible, 
and therefore, the formation of alcohols and hydrocarbons 
may become more favorable. 
The equilibrium compositions of the hydro0enation of 
carbon monoxide to various products are calculated by 
Anderson, et al. (4). The results indicate that methane 1s 
the main product followed by the higher hydrocarbons, than 
the alcohols. Among the alcohols, methanol l1as the smallest 
equilibrium composition. 
Finally, the equilibrium conversions for CO to alcohols 
and hydrocarbons as independent reactions are determined at 
several reaction pressures. In Fig. 1.2, it can be seen 
that the equilibrium conversion to methanol 1s greatly 
influenced by a change in pressure but that of higher 
alcohols and hydrocarbons is barely affected. 
1.3 Methanol Catalysts 
Industrial catalysts for the hydrogenation of carbon 
monoxide to methanol are based on the compositions Cu/ZnO/ 
Cr 2o3 and Cu/Zn0/Al 2o3. Table 1.2 shows catalyst composi-
tions, operating conditions and methanol yields for typical 
industrial processes. The advantage of these catalysts is 
that processes can be operated at relatively low tempera-
tures (225-250°C) and low pressures (50-100 atm) while 
6 
en 
,-f 
0 
..c: 
0 
u 
,-f 
,::i: 
0 
.µ 
0 
u dP 
~ 
0 en 
C 
C 0 
0 ..0 
·r-i H 
en rel 
H u 
(1) 0 
> H 
C 'O 
0 ~ 
u ::r: 
8 'O 
::1 C 
·r-i rel 
H 
..0 
·r-i 
,-f 
·r-i 
::1 
tr' 
w 
Fig. 1.2: Effect of Pressure on Equilibrium 
Conversions at 250°C. 
100 • 
80 / 
,' 
/ 
/ 
60 
./ 
/ 
I 
40 I 
I 
I 
-·- Methanol 
20 I --- Ethanol 
I c3+ Alcohols, 
cl+ Hydrocarbons 
0 
0 25 50 75 100 
Pressure (Atrn) 
7 
Table 1.2 
Catalysts Used in the Synthesis of Methanol (5) 
Catalyst Composition Temp. Pres- Space Yield 
(wt?,) ( oc) sure Velocity (ky/,'/hr) (atm) (hr-1) 
Cu0/Zn0/Al 2o3 12/62/25a 230 100 10,000 2.09 
Cu0/Zn0/Al 2o3 60/22/Bb 250 50 40,000 0.5 
CuO/ZnO/cr 2o3 31/38/Sc 230 50 10,000 0.76 
Cu0/Zn0/Cr 2o3 40/40/20a 250 80 10,000 0. 77 
a Synthesis H2 + co + CO2 + CH 4 gas = 
b Synthesis H2 + co + CO2 gas = 
C Synthesis H2 + co gas = 
! 
.. ~ 
' 
maintaining a high rate of formation and high selectivity 
toward methanol. The disadvantages of these catalysts· are 
low res~stance to thermal shock, which does· not allow the 
catalyst to be operated above 300°C, and extreme sensiti-
vity to sulfur and chlorine poisoning that requires careful 
and. expensive purification of the synthesis gases (5). 
Klier,· lle~man, ct al. (5) report that the activity and 
sele~tivity of the low pressure methanol catalysts requires 
a ·simultaneous presence of copper and zinc oxide and that 
the effects of Al2o3 and cr 2o3 are secondary. They faun~ 
that the active component of the catalyst is a cu 1 solution 
in ZnO. I It was proposed that the Cu centers nondissocia-
tively chemisorb and activate carbon monoxide and the ZnO 
surface activates hydrogen. 
Klier, et al j6) also studied the effects of co2 on the 
synthesis of methanol over the Cu/ZnO = 30/70 wt% catalyst 
for co2/CO/H 2 ratios between 0/30/70 and 30/0/70 vol%. 
Their results are su~marized in 'Fig. 1.3. A maximum synthe-
sis rate was observed at co2/CO/H2 = 2/28/70 .. At lower 
concentrations of co2 the catalyst was deactivated by ov~r-
reduction (the reduction of cu 1 to inactive copper metal) 
and at higher concentrations of co2 the synthesis was retar-
ded by a strong adsorption of this gas .. The .rate enhancing 
effect of co2 was due to the maintenance of an oxidation 
h . . h . I potential high enough to. keep t e copper int e active Cu 
state. 
9 
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the mixture CO/C0z/H2 = 24/G/70 was replaced by 
argon (Hepr.cxlucc'Ci frofr1 reference 6) 
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Among other catalysts reported in ~ite~ature for the 
synthesis of methartol include the work of Poutsma, et al. 
(7) who investigated the activity of Pdi Pt and lr at 260-
3500C and 150-16000 p·sig on ·silica g~l supports. The 
catalysts produced mainly methanol, however, the c~talytic 
behavior of these three noble metals was found to be quite 
different than that of other Group VIII metals for which 
ultimate C-0 bond hydrogenolysis artd hydrocarbon formation 
are dominant features. The activity Of Pd was compared to 
that of Ni and it was observed that Pd gave methanol forma-
tion rather than methane and much less ~hain growth activjty 
than Ni. It was suggested that Pd had th~ in~bility to adsorb 
CO dis soc ia ti vely at these reaction conditions, _whic·h was 1n 
~ontrast to the catalytis properties of other Group VIII 
elements. ·Poutsma'$ qlaim of synthesizing methanol over a 
I. palladium catalyst was later -confirmed by Peels, et al. (8) 
who studied the hyd·rogenation of carbon monoxide over Pd-' 
metal and Pd-alloy catalysts. 
1. 4 Higher Alcohol Catalysts 
Catalysts for the synthesis of alcohols larger than 
m~thanol are reported; B~sically, the catalyst consist rif 
one or more ~etal oxides which are sometimes promoted with 
alkaline compounds. The activity of the catalysts depends 
on its composition, method of preparation and reduction 
procedures. The reasons for these dependencies are not 
11 
completely understood because of the complexity of the 
reactions involved. 
Early investigations by Natta and Strada (9) showed 
that the natural mineral smithsonite (ZnO) was found to 
be an active catalyst in the synthesis of CO and H2 to 
methanol. When small amounts of potassium salts were 
added to ZnO, the reaction products showed significant 
amounts of the higher alcohols. The operating conditions 
for the promoted catalyst were 400°C, 250 atm and a H2 :co 
ratio of 2:1. About 20% of the products were higher 
alcohols, the principle component of which was isobutanol. 
Frolich and Lewis (10) prepared a catalyst by the 
reduction of a mixture of zinc oxide, ammonium dichromate 
and potassium carbonate. The Zn0/Cr 2o3/K catalyst was 
found to be very active for alcohol synthesis. Operating 
-1 
at 490°C, 240 atm and a space velocity of 2000 hr in a 
hydrogen rich mixture over such a catalyst gave the follow-
ing volume composition: 17.8% methanol, 2.3% ethanol, 33.4% 
propanol, 2.5% butanol, 9.0% amyl alcohols and 35.0% water. 
Morgan and Taylor (11) studied the hydrogenation of 
carbon monoxide over a catalyst composed of Cu, Mn and Co. 
The catalysts were tested at 380-410°C, 200 atm and a H2 :co 
ratio of 2:1. A typical product distribution for this 
catalyst was 54 wt% methanol, 8% ethanol, 8% c3+ alcohols 
and 30% CH4 . The relatively high yield of methane was 
12 
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indicative of the presence of cobalt, a Fischer-Tropsch 
catalyst that usually leads to the formation of hydrocarbons. 
In later studies, Morgan, et al. ( 12) investigated 
alcohol synthesis over Mn, Cr based catalysts promoted with 
Li, Na, K, Rb and Ds. The catalysts were prepared by co-
precipitation of manganese and chromium nitrates and then 
impregnated with various amounts of the hydroxides of the 
alkali metals. Typical results for these catalysts tested 
at 400°C and 200 atm are given in Table 1.3. With the 
addition of alkali, methanol production decreased while 
greater quantities of carbon compounds were formed. The 
fraction of liquid compounds other than methanol were 
approximately 70% higher alcohols and 30% aldehydes, acetals 
and acids. 
Runge and Zepf (13) experimented with a number of 
alkali promoters (Li 2o, Na 2o, K2o, Rb2o, cr2o) over the 
Zn0/Cr2o3 based catalysts. Results were obtained at reaction 
conditions of 440°C, 250 atm, 20,000 hr-land H2/co = 5/1. 
Alcohol yields ranged from 0.6 to 1.1 lit/lit/hr depending on 
the promoter, with a distribution of approximately: 60-70% 
methanol, 5-8% ethanol, 1% propanol, 14-19% 2-methylpropanol, 
1-2% pentanol, and 2-4% hexanol and heptanol. 
A catalyst containing copper was studied by Pospechov 
in 1937 (14). It contained the following molar compositions: 
82% Cu, 16% ZnO, 2% cr2o3 with 0.1 to 5.0% K2o. This catalyst 
was prepared by the reduction of a mixture of hydroxides 
13 
Table 1.3 
Alcohol Synthesis Over Alkali Metal 
Oxide Catalysts at 400°C and 200 atm 
Data or Morgan, et al (12) 
Ratio Product % Methanol % Other Liquid Catalyst Yield Compounds in 
(wt%) (g/hr) in Product Product 
Cr20/Mn0/Li 20 l:0.93:0.10 47 76.9 21. 7 
Cr20/Mn0/Na2o l:0.93:0.08 43 63.9 32.9 
Cr 20/Mn0/K20 1:0.93:0.12 39 60.8 38.4 
Cr 20/Mn0/Rb20 1:0.93:0.00 62 80.5 13. 0 
1:0.93:0.06 61 75.5 23. l 
l:0.93:0.13 62 67.2 33. l 
1:0.93:0.25 53 49.7 46.0 
1:0.85:0.42 '\.,50 42.0 54.0 
Cr 20/MnO/ Cs 2o 1:0.93:0.ll 53 82. l 18.8 
---------
l 
obtained by the reaction of nitrates with NaOH. At a 
temperature of 200°C and pressure of 100 atm, such a 
catalyst produced a mixture of alcohols from CO and H2 
containing up to 22.3 wt% ethanol. The unusually high 
yield of the c2 alcohol was thoughtto occur because of 
the relatively low temperatures involved. 
Another catalyst containing Cu, ZnO, Cr 2o3 activated 
with alkaline was investigated by Sueta and Niwa (15). 
This catalyst was prepared by slowly heating an equimolar 
mixture of Zn(OH) 2 , Cu(OH) 2 and K3 [Cr(Cro4 ) 3J • 3H 2o. 
Reaction of synthesis gas over the catalyst at 400°C and 
150 atm, gave an alcohol yield of 45%, 30% of which was 
isobutanol. According to these authors, the activity and 
durability of the catalyst could be improved by adding 
small amounts of Cao. 
Except for the studies by Pospechov, most of the 
j work discussed thus far have relatively high selectivities 
for branched alcohols, particularly 2-methyl-l-propanol. 
·, 
1 In general, these catalysts were operated at relatively I 
~ 
l j 
j 
1 
il 
severe industrial conditions, above 400°C and from 150 -
200 atm. New developments in catalysts have been success-
ful in changing the selectivity of branched to linear 
alcohols at more mild operating conditions. 
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Among the more recent developments of higher alcohol 
synthesis include patents issued by the French Petroleum 
Institute (16). The French report catalysts of the type 
Cu/Co/M/A where Mis Cr, Fe, V or Mn and A is the alkali 
oxide. The catalysts were prepared by coprecipitation of 
metal nitrates, carbonates and hydroxides. When operated 
at relatively mild conditions, these catalysts have a high 
selectivity for the production of linear alcohols as shown 
in Table 1. 4 . 
Smith (17) studied the effects of K2co3 promoted Cu/ZnO 
catalyst. At a temperature of 285°C and pressure of 100 atm, 
a catalyst consisting of 0.5 wt% K2co3 gave the following 
product distribution, expressed as a carbon atom percent: 
47% methanol, 29% higher alcohols and 24% hydrocarbons. 
A typical alcohol product distribution for these catalysts 
is given in Table 1.5. Among the higher alcohol products 
were included both linear and branched chain molecules. 
Ichikawa (18) investigated the catalytic reaction of 
CO and H2 under atmospheric pressure and at 150-250°C over 
rhodium crystallite catalysts. The catalysts were prepared 
from Rh carbonyl cluster compounds highly dispersed on ca 2o3 , 
Tio2 and zro2 . The reaction product consisted of methanol, 
ethanol and c 1 - c 4 hydrocarbons, the selectivity of which 
depended on the kind of metal carbonyl cluster and the base 
metal oxide. Ichikawa (19) also did some work at similar 
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Table 1.4 
Data of Sugier and Freund (16) at 250°C, 
H2 /CO/C02 = 66/19/13 vol% 
60 atm, -1 4000 hr , 
Yields (g/l/g cat) 
Methanol Ethanol 1-Propanol 2-Propanol 1-Butanol 
0.076 0.125 0.063 0.006 0.045 
0.065 0.108 0.054 0.010 0.039 
0.056 0.111 0.052 0.015 0.037 
2-Butanol 
<.001 
<.001 
<. 0 01 
---···- _- _:.:--==---
'~ 
', 
/, 
1 
Table 1.5 
Cu/ZnO promoted K2co3 at 285°C, 
100 atm, H2/CO = 3/6 
Data of Smith (17) 
Inlet Space -1 Velocity hr 1800 Alcohol wt% 
Methanol 61. 6 
Ethanol 5. 5 
2-propanol 0.3 
1-propanol 6.8 
1-butanol 2. 0 
2-butanol 0. 9 
2-methyl-1-propanol 16.8 
pentanols 6.1 
hexanols 
3200 
61. 3 
4. 4 
0. 6 
5. 5 
2.8 
1.1 
13.8 
10.5 
-----
- - __ .._ ..... --··~-.. ~-- --- --
operating conditions over rhodium, platinum and iridium crys-
tallite catalysts prepared from Rh, Pt and Ir carbonyl clusters 
dispersed in ZnO and MgO. The results of testing the catalysts, 
showed that the alcohol product was mainly methanol with trace 
amounts of ethanol present. 
Further studies of catalysts consisting of rhodium were 
investigated by Bhasin (20,21) and Ellgen (22,23). The cata-
lysts included a mixture of Rh with Fe, W, Mo, Mn, Th or U 
supported on a silica gel. Test conditions were 250-350°C, 
300-5000 psig, H2 :CO = 5:1 to 1:5 and GHSV > 1000 hr-l. The 
test results showed that the products consisted of hydrocarbons 
and oxygenates, the latter being greater than 40-60% of the 
total carbon conversion, depending on the composition of the 
catalyst. For a catalyst consisting of Rh/Fe= 2.5/0.68, the 
product distribution was: 42.3% hydrocarbons, 28% methanol, 
0.7% acetaldehyde, 28% ethanol and 1.0% acetic acid, where% 
is expressed as a carbon atom percent. 
Inoue and co-workers (24) experimented with a catalyst 
composed of Ru, Mo and Na 2o impregnated on Al 2o3 . Their 
results indicated that upon hydrogenation of CO the catalyst 
gives a series of straight-chain primary alcohols as essen-
tially the only liquid product. For example, at 255°C, 90 atm, 
-1 
H2 :co ratio or 2:1 and a space velocity of 18,200 hr the 
product distribution was approximately: 67 mole% methanol, 
20% ethanol, 6.7% n-propanol, 3.3% n-butanol and 3% c4+ linear 
alcohols. The total product distribution consisted of 18 
19 
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carbon atom% alcohols, 50% hydrocarbons, 32% carbon dioxide 
and 0.13% other oxygenates. 
The synthesis of higher alcohols over Co containing 
catalysts were recently reported by Courty, et al (25). The 
catalysts were composed of Cu0/Co0/Cr 2o 3 and Cu0/Co0/Al 2o3 
both alkalinized with Kand/or Na. The preparation was done 
by coprecipitation of the metal nitrates and then impregnated 
by the alkali metal. Test conditions of 290°C, 60 atm, 
-1 H2/co = 2 and GHSV = 4000 hr produced alcohols at a rate of 
0.13 - 0.15 kg/kg/hr with the following weight compositions: 
41% methanol, 30% ethanol, 9% propanol, 6% butanol and 14% 
c5+ alcohols. The total product selectivity toward alcohols 
was 65-70 molar%, the balance being hydrocarbons. 
Finally, the heterogeneous hydrogenation of carbon 
monoxide was carried out at high pressures by Kein, et al 
(26). Clusters and complexes of group VIII elements of the 
periodic table were used as catalysts. A variety of oxygena-
ted compounds were formed, in particular, a system consisting 
of toluene/co2 (co) 8 gave good conversions and selectivities 
to methyl formate, methanol and ethylene glycol. Other 
catalysts developed (27,28) consisting of rhodium carbonyls 
also yielded significant quantities of methanol and ethylene 
glycol. 
20 
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1.5 The Purpose of this Investigation 
The main objective of this research was to investigate 
the heterogeneous reactions of the hydrogenation of carbon 
monoxide to alcohols over modified methanol catalysts: 
Cu/ZnO/X, where X = PdO, MnO and Fe 2o3 . The idea or aim 
was twofold: firstly, to increase the rate of methanol 
production without loss of selectivity toward methanol; and 
secondly, to change the product selectivity from essentially 
methanol to alcohols higher in carbon number than methanol, 
methanol synthesis, i.e. temperatures and pressures below 
300°C and 100 atm. 
The reason for combing these particular metal oxides 
with the Cu/ZnO system was as follows: 1) Palladium is an 
active catalyst for both methanol (7,8) and methane synthesis 
(29). It adsorbs CO nondissociatively at temperatures below 
300°C (30) and when exposed to synthesis gas at pressures 
above 50 atm, it will produce methanol. At low pressures 
(1 atm), however, methane will be formed which suggests that 
palladium is a strong hydrogenation catalyst. Small amounts 
of palladium added to the Cu/ZnO complex may enhance the 
hydrogenation of the methanol intermediate, and ultimately, 
increase the rate of methanol formation, provided that the 
hydrogenation is the rate controlling step. 
21 
~ 
t 
I: 
f 
•: , 
2) Manganese compounds are known to be promoters for hydro-
genation of CO over the Fischer-Tropsch catalysts Fe, CO and 
Ni (1,31). They produce an increase in activity and, in 
certain circumstances, shift the product distribution 1n 
favor of long chain molecules. Adding manganese to the 
Cu/ZnO catalyst may increase the rate of methanol synthesis, 
and/or, promote the formation of higher alcohols. 
3) Iron 1s known as a Fischer-Tropsch catalyst, which is 
defined as a catalyst that converts synthesis gas to a mixture 
of predominantly linear alkanes, alkenes and oxygenates, with 
1 
I 
J 
l j 
I 
I 
l 
l 
1 i 
i 
1 
' 
the product distribution with respect to chain length display-
1ng a recognizable pattern (1,32,33). Among the F-T catalysts, 
iron produces the highest yield of alcohols and when it 1s 
promoted with copper it gives a product distribution of 25-
60% oxygenates depending on the operating conditions. 
(Usually, F-T processes are carried out at 200-400°C and 
l 0-3 0 a tm) . Because iron can adsorb CO dissociatively at 
temperatures below 300°C (30), the alkyl compound CH, 
X 
is a 
possible reaction intermediate (34). Thus, adding Fe to the 
methanol catalyst may provide the alkyl groups needed to 
J build the carbon chain for higher alcohols. 
§ 
.; 
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2. Experimental 
2.1 The Flow System 
A schematic diagram of the experimental arrangement is 
shown in Figure 2.1. The desired pressure in the system 
was obtained from pressurized cylinders of the reactant 
gases. Molecular sieves were used to trap water in the 
feed gases and keep moisture levels at a minimum. Union 
Carbide mass flow controllers were used to measure flows 
independently of the total pressure. One-way flow valves 
were used to eliminate any backflow of gases. By means 
of a series of T-connections, the gases were mixed and fed 
into the reactor. 
In this work a fixed bed single pass tubular reactor 
was used to test the activity of the catalysts. The reactor 
consisted of a stainless stell tube 64 cm long with a 1.8 cm 
inside diameter and a O. 3 cm wal 1 thickness. ( See Figure 2 . 2 
The reactor temperature was regulated using a Teco cylindri-
cal heater and temperature controller. The catalyst bed 
temperature was measured using a 0.04 inch O.D. iron-
constantin thermocouple placed inside a thermowell along 
the center line of the reactor. The reactor pressure was 
maintained using a Tescom back pressure regulator at the 
outlet, which held a high pressure upstream and an atmospheric 
pressure downstream. The pressure was measured using a 
Bourdon gauge at the reactor inlet. 
co 
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After the pressure was reduced, the reactor effluent 
was passed through a Hewlett Packard 5730A gas chromato-
graph for composition analysis. A bypass was used in some 
instances to maintain the gas flow when the G.C. was shut 
down. From the G.C., the gases could be passed through a 
bubble flow meter to measure the total volumetric flow 
rate or through a gas sampling cylinder which was maintained 
at 0°C to trap the condensables. The gases were then vented 
to the atmosphere. 
Heating and insulating tapes were wrapped around the 
exit lines to maintain temperatures at 200-250°C on the 
high pressure side and 130-150°C on the low pressure side. 
This was done to avoid condensation in the exit lines. 
Also, in some experiments a Gilson (Model 302) pump 
was used to pump a liquid reactant into the high pressure 
inlet side of the reactor. A 3-way valve was used to main-
tain pumping while the flow of the liquid into the reactor 
was stopped. 
2.2 Catalyst Preparation 
2.2.1 Coprecipitation 
The catalysts X/CuO/ZnO where X = PdO, MnO and Fe 2o3 , 
were prepared by coprecipitation of the divalent metal 
nitrates, with the exception of iron which was in the 
trivalent state. The preparation for each catalyst was 
performed in air except for the one containing manganese II 
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nitrate, in which the entire procedure was done in a 
nitrogen glove bag. The stability to oxidation of 
manganese II in air was uncertain at the time. 
The preparation was as follows: 
1) The nitrates were dissolved in distilled water in an 
amount such that the molar ratio of the metal ions was 
that given in Table 2.1, and so that the total concentra-
tion of all metal ions was approximately 0.25 molar. 
2) The solution was heated to 80-90°C and stirred with a 
magnetic stirrer. 
3) Precipitation was carried out by a dropwise addition of 
l.OM Na 2co3 until a pH of 6.8 was achieved. The pH of the 
solution was monitored using an electronic pH meter. 
4) Once the desired pH was achieved, the heat was then 
removed, but stirring was continued for 1-2 hours. 
5) The precipate was washed and decanted 3 times with 
distilled water. It was then filtered using a Buckner 
funnel and washed several times with distilled water. 
6) The precipitate was left to dry on a watch glass under 
mild temperatures 50-60°C in an oven for 2 to 3 days. 
2.2.2 Calcination 
1) The precipitate was spread out evenly in a large porce-
lain dish and placed in a high temperature oven. 
2) The precipitate was heated in air (except for the catalyst 
containing manganese II which was heated in nitrogen) at 
150°C for a half hour. 
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Table 2.1 
Ratio of Metal Ions in Reaction Flask 
catalyst Identification 
Number 
J57 
J54 
J58 
J56 
J55 
28 
Approximate Molar Ratio 
of Ions in Solution 
Pd/Cu/Zn= 10/30/70 
Mn/Cu/Zn= 10/30/70 
Fe/Cu/Zn= 0.1/30/70 
Fe/Cu/Zn= 1.0/30/70 
Fe/Cu/Zn= 10/30/70 
_ ___, __ _ 
3) The oven temperature was raised by 50°C increments every 
half hour until it reached 350°C. 
4) After 3 hours in the oven at 350°C, the calcined catalyst 
1 was removed and stored in a glass bottle. 
12.2.3 Pelletization 
j 
j1) The calcined powder was mixed into a thick slurry with 
L 
·1 jdistilled water. 
I 
; 
I 
12) The slurry was then pressed into a mold of 3mm holes and 
.,:i 
I Jleft to dry at 50-60°C for several days. 
J j 
' ]3) The dried pellets were cut and sieved between No. 10 and 
l 
jNo. 20 U.S.A. Standard testing sieves. 
1 j 
1
2.2.4 Catalyst Loading and Reduction 
:J jl) Approximately 2.45 g (3ml) of catalyst and 
:I 
3mm 
.diameter glass beads were loaded into the reactor. The total 
bed length including the catalyst and the beads was 8 cm long . 
. 1 
]The catalyst was diluted with the beads to avoid excessive 
I 
~eat generation at the center of the bed. Also, the center 
; 
' 
~f the bed was positioned above the midway point of the reactor 
:1 
) 
~o avoid hot spots along the reactor length caused by uneven 
~eating. See Figure 2.2 for more complete details on the 
1 
,reactor set-up. 
~) The reduction gases (2 vol% H2 in N2) were allowed to flow 
ta rate of 60 cc/min over the catalyst at 25°C and atmospheric 
ressure. The flow was continued for 1-2 hours to drive air 
nd moisture out of the system. 
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3) The reactor temperature was raised at a rate of 2°C/min 
to 250°C. 
4) The time of reduction was calculated based on a stoichio-
metric reduction of the oxides (excluding ZnO which is stable 
at 250°C) by hydrogen. The reduction process was also 
monitored by measuring the water content in the exit gases 
by gas chromotography. 
5) The time of reduction was started and ended at 210°C even 
though the temperature during most of the reduction period was 
250°C. The reduction of the CuO was found in a previous study 
j to start at 210°C. 
I 
' j 6) After the reduction period, the catalyst was cooled to room 
! i temperature by removing the heater and exposing the outside of 
; 
j 
J the reactor to the surrounding air. 
,I 
,1 {1) The reduced catalyst was then blanketed with pure N2 gas and 
l 
~sealed in the reactor to await testing. 
1 j 
,; 
)2.3 Catalyst Testing 
·1 
' 
Initially, each catalyst was tested in the tubular flow 
l'1 I, ]reactor under reaction conditions comparable to those for 
j 
Jrnethanol synthesis, 
1 
i.e. -1 250°C, 75 atm, 5000 hr and H2/CO/C02 = 
j== 70/24/6 vol%. In most instances, the co2 concentration in 
i 
the reactant mixture was varied to determine the co2 dependence 
ron catalyst activity. In previous studies (5) it was found that 
CO2 played an important role in the activity of the Cu/ZnO 
catalyst. The activity and selectivity of the modified methanol 
Jcatalysts were compared to those of the binary Cu/ZnO catalyst 
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to determine the effective changes that occurred due to adding 
a third component to the binary system. Additional experiments 
involved changing such parameters as; reactor temperature and 
pressure, feed composition, and inlet space velocity. The 
scope of these investigations was to observe overall effects 
. on product rates 
,_
1
1well as, to gain 
• scheme. 
of formation and product distributions, as 
some insight into a mechanistic reaction 
l 
I 
.l 
j 
·., 
Important experimental data included measurements of the 
: feed and exit flows, inlet reactant composition and exit gas 
composition. The inlet space velocity and gas composition were 
·normally recorded prior to the start-up of a reaction. The 
:exit gas flow and composition were measured periodically 
.throughout the course of a reaction. In some cases, condensable 
' 
11iguids were collected during an experimental run, which upon 
I 
JG.C. analysis, provided further information for determining the 
I 
.t 
)exit gas composition. 
] After testing, the reactor was purged with nitrogen at 
)2s 0 c and 1 atm, then the catalyst was taken out of the reactor 
:l 
lin a nitrogen glove bag and sealed in a bottle to await charac-
lterization. 
-~ 
12.4 The Analytical Procedure 
of 
The major objective/this investigation was to identify 
he components in the reactor exit stream and to determine the 
mount of each component present. In these analyses, a Hewlett-
ackard (Model 5730A) gas chromatograph including an automatic 
,, 
.. 
··J. 
sampling valve and a thermal conductivity detector was used 
to identify the components based on Lhe retention time of 
known compounds. In some cc1ses, further confonnalion cf the 
products was determined by mass spectroscopy. Also, coupled 
to the G.C. was a l!ewlett-Pc:1ckard (Model 3188A) inteqrator 
· which provided the quantitc:1tive information by determining 
jthe areas under the peaks in the chromatograph. 
I l The quantitative analysis was straight forward for 
j 
I the synthesis of alcohols over the palladium and manganese 
;containing catalysts. The reactor exit gases were sampled 
· every hour by automatic injection. The chromatography of the 
,gases was achieved with a 6' long by a 1/16" diameter column 
:packed with Porapak Q. Resolution of carbon monoxide and 
:methane were achieved at a column temperature of 25°C while 
:carbon dioxide, water, methanol, ethanol and the light hydro-
carbons were resolved at 100°C. The areas under the G.C. 
:peaks were corrected for the sensitivity differences or 
i 
:response factors (see Table Al~ of the detector for each gas 
which gave the relative molar ratios of each component in the 
,exit gas. Upon normalization of the ratios, the molar concen-
:trations were then calculated and used in the determination 
f mass balances, conversions, product yields and selectivities, 
xamples of which are given in the appendix. The errors 
ssociated with this analytical technique were determined from 
he carbon balance, that is the percent difference in carbon 
32 
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Jtoms entering and leaving the reactor. The errors were less 
than 1% for this analysis. 
Quantitative analysis of the alcohols and hydrocarbons 
1 n the product mixture was more difficult, however, when a 
large number of components were involved, as was the case with 
) the iron containing catalysts. Reactor exit yascs were 
' 
' j analyzed using a Poropak Q column, but to achieve the composi-
J 
1 tion of the gases, two different chromatographic conditions 
1 
jwere employed. The first one involved the analysis of the 
]exit gases by automatic sampling every l to 2 hours. The 
j 
temperature of the G.C. column was controlled automatically by 
, the G.C. unit. The temperature program was set as follows: 
l1oo•c for 4 minutes, then heating at a rate of 16'C/min until 
!a final temperature of 180°C was achieved. Under these tempera-
Jture conditions, light alcohols and hydrocarbons were clearly 
u 
iresolved, as seen in Figure 2.3; however, the c3+ alcohols 
;and c6+ hydrocarbons were not easily separated. The sec
ond 
condition involved the analysis of the liquid product by manual 
;injection of a sample collected at 0°C and 1 atm from the 
,reactor exit line. The condensables were essentially water 
\ 
:and alcohols as seen 1n Figure 2.4, with no noticeable oily 
1 hydrocarbon layer present. Assuming that all the alcohols 
;Were collected in the cold trap, the relative concentrations 
1
in the condensed liquid were combined with the information 1n 
; the first set of chromatographic data to give the overall 
composition of the reactor exit gas. The error in this analysis, 
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Fig. 2.3: Gas chromatograph of reactor exit gases from the 
hydrogenation of CO over Fe/Cu/ZnO (column type= 
Porapak Q) 
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again determined from a carbon atom balance, was less than 2 
percent. 
When a chromasorb-101 column (6' by 1/16" dia.) became 
j 
] available it l hydrocarbons 
l 
was used to analyze the mixture of alcohols, 
and amines for the experiments that involved 
:j . 1pump1ng of isopropylamine into the reactant mixture. Chroma-
~sorb-101 was used to separate the alcohols from the hydro-
" .I 
t jcarbons however, the latter were only partially resolved on 
]this column because separation of the olefins and paraffins 
·1 
lof the same carbon number was difficult. Figures 2.5 and 2.6 
1 
; jare typical chromatographs of the exit gas mixture before and 
:1 
jafter the introduction of isopropylamine into the system . 
iMass spectroscopy was used in this case to determine the 
s 
i Jrelative amounts of these hydrocarbons in the product mixture. 
lThe information from mass spectroscopy and gas chromatography 
]were combined to provide the total molar composition of each 
;3 
tcornponent in the reactor exit gas. Analysis by this method 
lwas less than 2% in error of the carbon atom balance. 
12.5 Catalyst Characterization 
~~ J Four types of catalyst characterization were performed: 
1BET surface area analysis; x-ray diffraction for particle size 
;determination; Auger/x-ray photoelectron spectroscopy (XPS) for 
;surface analysis; and elemental analysis to determine the exact 
1metal compositions. 
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Fig. 2. 5 : Gas chromatograph of reactor exit gases 
from the hydrogenation of co over Fe/Cu/ZnO 
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2.5.1 BET Surface Area 
Approximately 0.2 grams of tested catalyst was used for 
each surface area determination. The BET surface urea apparatus 
consisted of a mechanical pump, a diffusion pump, a Barocal 
electronic manometer and a glass blown adsorption rig, all 
located in the department of Center for Surface and Coatings 
Research, Lehigh University. The catalyst was degassed over-
-4 night at 100-150°C and 10 torr. Argon gas was used to 
determine the adsorption isotherm and helium was used for 
measuring the sample volume. The pressure range for the argon 
adsorption was 0-80 torr and that for the helium was 0-21 torr. 
Both the adsorption and sample volume tests were performed at 
a liquid nitrogen temperature of 78°K. The mathematical calcu-
lations for the BET surface area determination are given in 
Appendix A2. For further details on the experimental procedure 
and apparatus, see reference 35. 
2.5.2 X-ray Diffraction 
X-ray diffraction tests were performed to determine the 
particle sizes of the metal oxides of the calcined catalysts. 
The instrument used for this test was a Philips (Type 42271) 
X-ray diffractometer located in the department of Geology 
Sciences, Lehigh University. The calcined catalyst were 
mounted in an aluminum holder of which the sample space was 
circular (approximately 1 inch in diameter and 1/16 inches in 
depth), and then, placed inside the diffractometer. Scanning 
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was done between the region of 20 to 50 degrees of Lhe angle 
20 with a CuK radiation source. The angles at which the 
Ci 
peaks were determined for particle sizes a re cp ven in Appendix 
A2. The values of the d-spacings listed in reference 16 were 
used to identify the diffraction patterns. Por further details 
of the X-ray diffraction tests and apparatus, see reference 5. 
2.5.3 Auger/XPS Spectroscopy 
The Auger analyses were carried out in a Physical Electro-
nics Auger Spectrometer (Phi Model 50-220) localed in the 
department of Center for Surface and Coatings Research, Lehigh 
University. The catalyst samples were prepared by grinding the 
tested pellets, mixing the powder with ethanol in a 10 ml 
2 beaker, and allowing the dispersed solids to settle on al cm 
gold plated sample holder. This procedure was performed in the 
presence of air due to the difficulties of mounting the samples 
under nitrogen. The evaporation rate of the ethanol was 
accelerated by heat from an infrared light source placed above 
the dispersion. The samples were then mounted on a carousel 
and placed inside the spectrometer to be analyzed. Following 
evacuation, the analyses were carried out with particular 
attention to the catalyst metals Cu, Zn, Pd, Mn and Fe, as well 
as, to certain impurities such as S, Cl or Na. 
X-ray photoelectron spectroscopy (XPS) was performed 
using the Physical Electronics ESCA-Auger Spectrometer (Model 
548). The sample preparation and analysis was similar to the 
previous case. 
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2.5.4 Elemental Analysis 
Samples of the calcined catalysts were analyzed for the 
precise metal concentrations. The catalysts were sent to 
either: 
l) The Baron Consulting Co., P.O. Box 663, 
Orange, CT 06477 
or 2) Schwarzkopf Microanalytical Laboratory, 
56-19 37th Avenue, Woodside, NY 11377. 
2.6 Materials 
2.6.l Catalysts 
The chemicals used in the catalyst preparation are given 
in Table 2.2 The materials used contained less than 0.001% 
chlorine and less than 0.008% sulfate both of which have been 
known to act as poisons to catalytic activity (3). 
Table 2.2 
Compound Manufacturer Lot Number 
Cu(N02 ) 2 •3H20 Fischer Scientific 791576 
Zn(N03 ) 2 •6H20 Fischer Scientific 776447, 795113 
Pd(N03 ) 2 Fischer Scientific 715925 
Mn(N03 ) 2 •4H20 Aldrich 1018 
Fe(N03 ) 3 •9H20 Aldrich 3722LH 
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2.6.2 Gases 
The gases were supplied by Air Products and Chemicals, 
Inc. All gases were high purity grade (99.9% pure). The 
composition of gas mixtures was determined by gas chromato-
graphy both from Air Products and Lehigh University. The 
gas compositions determined by each analyst agreed to within 
1 percent. 
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3. Results and Discussion 
3.1 Pd/Cu/ZnO 
A catalyst containing palladium was prepared in an attempt 
to increase the hydrogenation rate of the methanol intermediate 
over the Cu/ZnO complex. It has been demonstrated that palladium 
is an active component for both methanol (7,8) and methane (29) 
synthesis. Product selectivity, however, 1s very sensitive to 
the support that is utilized, and therefore, both Pd/Cu/ZnO and 
Pd/ZnO catalysts were prepared and tested in this project. 
An aqueous mixture consisting of a Pd/Cu/Zn= 9/27/64 mol% 
was prepared from the divalent metal nitrates. Upon addition of 
1.0 M Na 2co3 using the standard procedure outlined in chapter 
2.2.1, two precipitates were formed. Most of the solids were 
finely dispersed particles of uniform size and color (grey), 
sample 1. Traces of a more dense, black precipitate settled to 
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the bottom of the reaction flask, sample 2. Sample l was 
decanted and the two solids were calcined separately at a 
maximum temperature of 350°C. After pelletization, 2.647 g 
of sample 1 was loaded into the reactor and reduced with a 2 
vol% H2 in N2 mixture at a rate of 60 cc/min and reactor 
conditions of 250°C, 1 atm. Chemical analysis was performed 
on the two calcined solids. Sample l consisted of Pd/Cu/Zn= 
= 4/28/68 mol%, and Sample 2 was found to be rich in palladium, 
Pd/Cu/Zn= 99.63/0.14/0.23 mol%. 
Subsequent catalytic testing was carried out at 75 atm, 
a GHSV = 5000 hr-l, temperatures of 225°C and 250°C and at the 
following synthesis gas compositions: H2/co/co2 = 70/24/0, 
70/28/2 and 70/30/0 vol%. The resultant activity and selectivity 
data are summarized in Table 3.1 Initially, the catalyst was 
exposed to a 6 vol% co2 mixture for eight hours at 225°C. 
Overall carbon conversion was 3.49 mol% and the product 
distribution consisted of 65.2% methanol, 12.4% methane and 
22.4% c
2
-c
3 hydrocarbons. Upon increasing the temperature to 
250°C for the next 15 hours, the steady state conversion tripled 
to 10.48 mol% while the production of methanol increased to 
97.7%. Increasing temperature seems to favor the alcohol forma-
tion. Next, a co2-free syngas was introduced for eight hours of 
operation and the conversion fell to 4.46 mol%, while the product 
selectivity remained in favor of methanol, 98.2%. A 2 vol% co2 
feed mixture was maintained for the remainder of 48 hours 
operation. The conversion was maximum at 17.85 mol%, with 97.8% 
44 
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Table 3.1 
Hydrogenation of carbon monoxide over a 
Pd/Cu/ZnO catalyst at 75 atm and a GllSV = 
5000 hr-l 
Catalyst: 
Pd/Cu/Zn (mol % ) 
Catalyst charge (g) 
Bulk Density (g/cc) 
Test: 
Feed, H2/CO/C02 (vol%) Temperature (°C) 
Conversion 
CO + co2 (mol%) 
CO (mol/kg cat/hr) 
Selectivity (mol%) 
Methanol 
Methane 
c2-c3 Hydrocarbons 
1 
70/24/6 
225 
3.49 
2. 4 7 
65.2 
12.4 
22.4 
45 
4/28/68 
2.6270 
0.88 
2 
70/24/6 
250 
10.48 
7.34 
97. 7 
1. 5 
0.9 
3 
70/30/0 
250 
4. 4 6 
3.06 
98.2 
0. 2 
1. 6 
4 
70/28/2 
250 
17.85 
12.43 
97. 8 
0.1 
2 .1 
methanol selectivity. Apparently, the ternary catalyst 
behaves similarly to the standard binary catalyst (Cu/ZnO = 
= 30/70) in that the maximum conversion for each catalyst 
is achieved with 2 vol% co2 in the synthesis gas; however, 
the conversion is significantly lower in the ternary catalyst 
as illustrated in Figure 3.1. 
In contrast, no maximum in the carbon conversion to 
products as a function of the co2 content of the synthesis 
gas was observed with the Pd/ZnO = 22/78 mol% catalyst. The 
activity of this catalyst at 250°C, 75 atm, a GHSV = 5400 hr-l 
and H2/co/co2 = 70/24/6 vol% was only 0.16% carbon conversion 
to methanol. Trace quantities (<0.01%) of methane, ethane, 
propane and ethylene were also present. Increasing the 
temperature to 275°C increased the carbon conversion to 
0.26 mol%, but it was clear that decreasing the co2 content 
of the synthesis gas from 6 to O vol% caused a decrease in 
the conversion of CO to methanol and hydrocarbon products. 
3.2 Mn/Cu/ZnO 
A transition metal ion known to be a promoter for the 
hydrogenation of carbon monoxide over Fischer-Tropsch cata-
lysts (1,31) is manganese II. Therefore, a MnO/CuO/ZnO = 
= 11/26/63 mol% catalysts was synthesized from the divalent 
metal nitrates. The usual preparation procedures (Chap 2.2.1) 
were followed, with the exception that precipitation, 
calcination, pellitization and the reactor loading of the 
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Figure 3.1 The effect of carbon dioxide on the 
formation of methanol from H2/(CO+co 2 ) = 70/30 
vol% synthesis gas over a Pd/Cu/Zn= 4/28/68 mol% 
catalyst (solid circles). This effect can be 
compared with methanol synthesis observed over 
a binary Cu/ZnO = 30/70 mo!% catalys~ (open 
symbols). 
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catalyst were done in a nitrogen filled glove-bag. A sample 
of 2.4565 g (bulk density= 0.82 g/ml) was charged to the 
reactor and then reduced in a 2 vol% H2 in N2 mixture for a 
period of time that was sufficient to reduce CuO to Cu~ 
The catalyst was tested at 250°C, 75 atm and a GHSV = 
= 5000 hr-l for the following synthesis gas compositions: 
H2/co/co2 = 70/24/6, 70/28/2, 70/30/0 (see Table 3.2). 
Initially, the catalyst was exposed to a 6 vol% co2 mixture 
for 115 hours of operation. Carbon conversion was a maximum 
29.6 mol% after 4 hours with a product distribution of 99.8% 
methanol and 0.2% ethanol. As illustrated in Figure 3.2, 
the conversion fell gradually to 9.1 mol% with only traces 
of ethanol evident. Next, a 2 vol% co2 feed mixture was 
maintained for 45 hours and a steady conversion of 20.7 mol% 
to methanol with trace amounts of ethanol was achieved. In 
the following 21 hours of operation, a co2 free feed mixture 
was employed. Carbon conversion to methanol (with no evidence 
of ethanol) fell to 12.6 mol%. A 6 vol% co2 feed mixture 
was introduced again and after 10 hours a steady conversion 
to methanol of 10.5 mol% was maintained. The final test 
duplicates Test 2 and demonstrates that the catalyst had not 
irreversibly deactivated. Although the selectivity of the 
ternary catalyst is fairly high, its activity is significantly 
lower than the parent Cu/ZnO catalyst. The comparison at 
steady state conversions at 250°C are shown in Figure 3.3. 
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Table 3.2 
Hydrogenation of carbon monoxide over a 
Mn/Cu/ZnO catalyst at 250°C, 75 atm and 
a GHSV = 5000 hr-l. 
Catalyst: 
Mn/Cu/Zn (mol % ) 11/26/63 
Catalyst charge ( g) 2.4565 
Bulk density (g/cc) 0.82 
Test: la 2 b 
Feed, H2/CO/C02_ (vol%) 70/24/6 70/24/6 
Conversion 
CO + CO (mol % ) 29.6 9 .1 
CO (molJkg cat/hr) 22.2 6. 8 
. . 
Selectivity (mol %) 
Methanol 99.8 99.9 
Ethanol 0.2 0.1 
3 
70/28/2 
20.7 
15.6 
99.9 
0.1 
a Maximum conversion after 4 hours of operation 
b After continuous testing for 115 hours 
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3.3 Fe/Cu/ZnO 
Iron is among the Group VIII metals known as a Fischer-
Tropsch catalyst (1). When activated, iron has the ability 
to hydrogenate CO to a wide variety of products including c 1 
to c 20 alkanes, alkenes and oxygenates. Therefore, small 
amounts of Fe were added to the Cu/ZnO system in order to 
shift the product distribution from essentially methanol to 
the higher alcohols. 
3.3.l Iron Concentration Effects 
The influence of iron concentration on the catalytic 
activity of a Fe/Cu/ZnO catalyst was studied. Three ternary 
catalyst were synthesized under the normal preparation condi-
tions outlined in Chap. 2.2. The catalysts consisted of the 
following concentrations: Fe/Cu/Zn= 0.3/32.1/67.6, 
1.2/31.8/67.0 and 9.0/31.4/59.6 mol%. Each catalyst was 
tested under the reaction conditions similar to those of 
methanol synthesis, i.e. 250°C, 75 atm, 5000 hr-land 
H2/CO/co2 = 70/24/6 vol%. Steady state conditions were 
achieved 10 to 15 hours after establishing the test ~onditions. 
concentration and confirmed by M.S. 
The reactor effluent!, analyzed by G.C./, revealed that the 
products were predominately linear molecules. However, there 
was slight branching detected in the c 3 alcohol and c 4 hydro-
carbon products. There was no positive identification for 
+ + branching in the c 4 alcohols and c 5 hydrocarbons. The 
results of these tests are compiled in Tables 3.3 and 3.4. 
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Table 3.3 
Conversicin of H2/co/co2 = 70/24/6 vol% Synthesis Gas 
to Products at 250°C, 75 atm, and GHSV = 5000 hr-l 
over Cu/Zn/Fe 
Catalyst Identification 
Fe/Cu/Zn (mol%) 
Catalyst Charge (g) 
JS8 JS6 JSS 
0.3/32.1/67.6 1.2/31.8/67.0 9.0/31.4/59.E 
2.4547 2.4556 2.6971 
. 1 Conversion 
CO + co2 (mol % ) 
(mol/kgcat/hr) 
2 Selectivity 
Methanol 
Ethanol 
1-Propanol 
2-Propanol 
1-Butanol 
1-Pentanol 
Methane 
Ethane 
Ethylene 
Propane 
Propylene 
c4-c7 Hydrocarbons 
c5+ Alcohols, c8+ Hydro-car bon_s3 
1 Conversion to all Products 
2 C atom% 
23.1 
17.0 
95.2 
0.4 
0. 0 
0. 0 
0.0 
0.0 
1. 4 
o .. 7 
0.0 
0.1 
0.0 
2. 2 
0.0 
3 Estimated based on the material balance 
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10.6 
8. 0 
16.0 
4. 2 
2. 4-
0. 2 
l. 4 
0.7 
24.3 
9. 0 
l. 0 
12.4 
1. 0 
23.J 
4.1 
8. 3 
6.3 
5 .1 
7. 8 
2. 8 
0.2 
2. 2 
l. 2 
17.9 
10.2 
] . 0 
7.3 
7. 6 
24:. 5 
11. 2 
Table 3. 4 
Comparison of Certain Group Yields and Ratios 
Catalyst 
Fe/Cu/Zn (mol % ) 0.3/32.1/67.6 l. 2/31. 8/67. 0 9. 0/31. 4/59. 6 
Yields ( g/kgca t/hr) 
Methanol 518 41. 0 10.3 
c2-c5 Alcohols l. 6 15.6 18. 3 
Methane 3.8 31. 0 18.0 
c2-c7 Hydrocarbons 7.4 54.7 47.2 
Group Mole Ratios 
c2-cs Alcohols/Methanol 0.002 0.22 1.12 
Cl-CS Alcohols/c1-c7 Hydro- 38.9 0.51 0.31 carbons 
c2-c3 Olefins/c2-c3 Paraffins 0 0.10 0.47 
54 
Comparing the three catalysts, it is evident that as the 
iron content was increased, the over-all catalytic activity 
decreased and the yield of methanol and methane declined; but, 
the production of c2+ products increased, as did the ratio of 
olefins to paraffins. Catalyst JS8 was definitely the most 
active and also the most favorable toward alcohol formation. 
However, the high conversion and large yield of alcohols were 
mainly attributed to the formation of methanol. The product 
distribution amounted to 95.2% methanol, 0.4% higr.er alcohols 
and 4.4% hydrocarbons. Catalyst JS5, on the other hand, 
produced the largest yield of c2-c5 alcohols, approximately 
10 and 1.2 times that formed by JS8 and JS6. For this reason, 
it would seem that JS5 is the most likely catalyst to use in 
order to maximize the yield of higher alcohols, however, there 
is a problem in the synthesis and that is associated with the 
formation of solid hydrocarbons or waxes. These waxes, although 
formed 1n trace amounts, can accumulate on the catalyst surface 
and in the reactor exit line causing catalyst deactivation and 
+ + blockage of the gas flow. The c5 alcohol and c8 hydrocarbon 
production was highest in JS5, and subsequently, the problem 
of waxing was most severe on this catalyst. It was observed 
that decreasing the temp~rature (225°C) and/or decreasing the 
pressure (25-50 atm) inhibited wax formation; however, at those 
conditions the carbon conversions fell significantly. Since 
the problem of wax build-up was less severe in JS6, and since 
the yield of c2-c5 alcohols produced by JS6 was only slightly 
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less than that formed from JS5, further studies were performed 
on this catalyst. 
3.3.2 Effects of co2 
The influence on product distribution of co2 1n the 
synthesis feed gas were studied over the catalyst of composition 
Fe/Cu/Zn= 1.2/31.8/67.0 mol%. Reactor conditions were held 
constant at 250°C and 75 atm for an inlet space velocity of 
-1 5000 hr and three different feed gas compositions: H2/co/co2 = 
= 70/30/0, 70/28/2 and 70/24/6 vol%. Steady state conversions 
were reached within 8-10 hours after establishing the new feed 
gas composition. The observed steady state conversions, product 
distributions and certain group ratios are summarized in Table 3.5. 
The catalytic activity for the three gas compositions demon-
strate that there is a slight maximum on the dependence of the 
synthesis rate vs. the co2;co ratio in the feed gas, which 
occurs near a feed of 2% co2 . This observed maximum is consis-
tent with those results found from the synthesis of methanol 
over the Cu/ZnO = 30/70 catalyst. Klier, et al. (23) explained 
that very low concentrations of co2 causes the catalyst to 
deactivate by overreduction and high concentrations of co2 retard 
the synthesis by strong adsorption of this gas. Therefore, a 
maximum in catalytic activity appears for some intermediate 
composition of co2 . 
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Table 3.5 
Effect of Carbon Dioxide on Product Distribution 
over Fe/Cu/Zn= 1.2/31.8/67.0 mol% at 250°C, 75 utm 
and GHSV = 5000 hr-l. 
H2/CO/C02 (vol%) 
Catalyst Charge (g) 
C . 1 onversion 
CO + co2 (mol % ) 
(mol/kg cat/hr) 
1 . . 2 Se ectivity 
Methanol 
Ethanol 
1-Propanol 
2-Propanol 
1-Butanol 
1-Pentanol 
Methane 
Group Ratios (mol ratio) 
c2-c5 Alcohols/Methanol 
c2-c7 Hydrocarbons/Methane 
70/30/0 
2.4524 
6.8 
5.1 
10.7 
7. 6 
4. 8 
0.4 
2. 8 
1. 5 
17.7 
54.5 
0.61 
3.6 
70/28/2 
2.4514 
12.0 
9. 0 
10.5 
4. 8 
3. 0 
0. 3 
1. 8 
1. 0 
17.9 
60.7 
0.40 
3.8 
70/24/6 
2.4556 
10.2 
7.7 
16.6 
4.4 
0. 6 
0. 6 
1. 4 
0.7 
25.3 
48.5 
0.22 
2.2 
1 Conversion to c1-c5 Alcohols and c1-c7 Hydrocarbons 
2 C atom% 
3 Approximate Hydrocarbon Distribution: 0.8% Ethylene, 18.5% Ethane, 
2.6% Propylene, 22% Propane, 20% Butanes, 15% Pentanes, 12% Hexanes 
~nn q 1 i HPn~~nP~ pynrPRRPn nS C atom i. 
An additional finding of significance is that the 
selectivity changes with the feed gas composition. The product 
distribution shifts from methanol to higher alcohols, and 
methane to longer chain hydrocarbons as the co2 feed concen-
tration decreases. The rate of conversion of co2 to products 
is slow compared to that of CO (6), and therefore, the 
adsorption of carbon dioxide on the catalyst surface, not only 
for CO2 level greater than 2 vol% 
retards catalytic activity/,but occupies reaction sites needed 
for chain growth. 
3.3.3 ~2/co Dependence 
The effect of the partial pressure of the reactants on the 
higher alcohol synthesis over the 1.2% iron catalyst were 
investigated. In this experiment the reaction temperature 
-1 250°C, pressure 75 atm, and space velocity 5000 hr were held 
constant while the H2/co ratio was varied from 30/70 to 70/30 
vol%. Carbon dioxide was eliminated from the feed gas in order 
to simplify the number of parameters being studied. Steady 
state conversions were achieved 6-10 hours. After each new 
setting of the reactant feed mixture. The conversions, alcohol 
yields and product selectivities are summarized in Table 3.6. 
It is evident from these results that as the H2/co ratio 
increases, the percent of CO converted to carbon dioxide, 
alcohols and hydrocarbons increases. Storch, et al. (1) reported 
a similar behavior over several iron catalysts, that is, the 
rate of synthesis increases as the hydrogen content in the feed 
increases. As an explainationof these results, the increase in 
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Table 3.6 
Reactant Concentration Effects on Alcohol Synthesis 
over the 1.2% Iron Catalyst at 250°C, 75 atm, 5000 hr-l 
and H2/CO/C02 = 30/70/0 to 70/30/0. (Catalyst Charge= 2.4524g; 
H2/CO/C02 (vol%) 
Co . l nvers1on 
CO (rrol%) 
(rrol/kg cat/hr) 
Yields(g/kg cat/hr) 
t-Ethanol 
Ethanol 
1-Propanol 
2-Propanol 
1-Butanol 
1-Pentanol 
1 . . 2 Se ect1v1ty 
Carbon Dioxide 
Methanol 
c2-c5 Alcohols 
C1-C7 Hydrocarbons] 
30/70/0 40/60/0 50/50/0 60/40/04 70/30/0 
l. 5 
2.7 
4.1 
3.2 
l. 8 
0.2 
0.9 
0.4 
41. 5 
4.8 
11.4 
42.3 
2.8 
4.1 
9.2 
6.5 
3.9 
0.4 
2.0 
l. 0 
30.5 
6.9 
15.9 
46.7 
4.3 
5.4 
15.l 
9.4 
5.4 
0.5 
2.9 
l. 5 
23.9 
8.7 
17.4 
50.0 
6.5 
6.5 
18.2 
10.6 
5.6 
0.4 
2.9 
l. 5 
19.6 
8.8 
15.4 
56.2 
8.2 
6.1 
17.7 
9.0 
4.9 
0.4 
2.7 
l. 3 
16.8 
8.9 
14.2 
60.l 
l . f Conversion o CO to co2, c1-c5 Alcohols and c1~ Hydrocarbons 
2 Catan% 
3 ApproxiIPate distribution expressed as Catan%= 24.5 methane, 2.4% ethylene, 
15.4% ethane, 3.7% propylene, 14.3% propane, 13.9% butanes, 11.4% :pentanes, 
8.4% hexanes, and 5.9% heptanes. 
4 Corrected for approxiIPately a 2% decrease in CO conversion due to catalytic 
deactivation. 
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the partial pressure of hydrogen increases the probabilit1 
of hydrogenation of the carbon intermediates, thus forminc 
., 
a greater number of products. Note, that the CO conversion 
for H2/co/co2 = 60/40/0 was adjusted for the deactivation of 
the catalyst. Deactivation, due to waxing of the catalyst 
surface, was observed to decrease carbon conversion by 
approximately 0.5 - 1.5 mol%/24 hr depending on the reaction 
conditions. 
It follows, that with the increase in carbon conversion 
there was an increase in product yields. Methanol yields 
increased from 4.1 to 17.7 g/kg cat/hr and c2-c 5 alcohol yields 
ranged from 6.5 to 21.0 g/kg cat/hr. There was slight branching 
detected in the propanol product, approximately 8-12 wt% was 
isopropanol. There was no branching detected in the c4 and c5 
alcohol products using inline GC, however, analysis of a liquid 
product did show traces of 2-methylpropanol, isobutanol, 
2-methylbutanol and isopentanol. It was estimated that these 
trace compounds were each less than 5 wt% of the total c4 and 
c5 alcohol product. 
Although both methanol and higher alcohol yields increased 
as the H2/co ratio increased, the selectivity of ethanol and 
propanol to methanol actually decreased as is evident from 
Figure 3.4. Methanol synthesis is favored at high concentrations 
of hydrogen while the c2+ alcohols are favored at low hydrogen 
concentrations. Natta et al. (3) explains that the synthesis 
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Q methanol 
D ethanol 
6 propanol 
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• 
, 
I 
l 
of higher alcohols is a sequential propagation of low alcohol 
intermediates, e.g. 
H OH 
' / C + 
I 
M 
H OH 
~ / 
C 
1 
M 
the effects of the H2/CO ratio are such that an increase in 
the hydrogen concentration enhances the hydrogenation step for 
the methanol intermediate, thus forming methanol and inhibiting 
chain growth. 
The importance of the WGS reaction should not be overlooked 
since the concentration of the reactants in the gas phase are 
effected by the extent that it takes place. It is evident that 
the WGS reaction occurs since co2 was absent in the feed gas, 
yet co2 was readily found in the product stream. Product 
selectivities in Table 3.6 show that the distribution of co2 
was approximately 26% at the lowest H2/CO ratio and decreased 
to 13.9% at the highest ratio. This decrease in the co2 selec-
tivity was due to a backward shift in the WGS reaction (Eq. 1.7) 
effected by an increase in the hydrogen concentration. Upon 
experimentally determining the partial pressures of H2 , CO, 
co2 and tt2o at the reaction conditions, the thermodynamic 
constant K for the WGS reaction was determined for each feed 
concentration. The definition of Kand theoretical equilibrium 
constant (Keq), along with partial pressures and thermodynamic 
K values are summarized in Table 3.7. It can be seen that the 
values obtained for K are one-hundred times smaller than the 
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H2/CO/C02 
(vol%) 
30/70/0 
40/60/0 
50/50/0 
60/40/0 
70/30/0 
a K = 
Table 3.7 
Analysis of the Water Gas Shift Reaction 
Effects due to Reactant Concentration 
Experimentally Measured 
Partial Pressures (atm) 
H
2 CO H20 CO2 
20.56 
26.99 
34.13 
42.79 
45.82 
53.24 
46.09 
38.41 
30.29 
24.89 
0.56 
l. 01 
l. 36 
l. 08 
l. 65 
0.35 
0. 4 0 
0. 4 2 
0. 28 
0. 38 
for 
Calculated 
Value of 
Ka 
0.24 
0.23 
0.27 
0. 3 7 
0.42 
where PCO = Partial Pressure of co2 2 
(Theoretical Equilibrium Constant for the WGS 
reaction at 250°C and 75 atm: Keg= 64.1) 
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theoretical value of 64.1, which suggests that the WGS reaction 
is far from an equilibrium conversion. Consequently, the rela-
tive proportions of the reactants, CO and H2 , in the gas phase 
were effected only by a small concentration change. Since 
alcohol synthesis is less thermodynamically favorable than the 
WGS reaction, alcohol formation too was far from an equilibriu~ 
conversion. For example, the theoretical equilibrium conversion 
of CO to methanol at 250°C and 75 atm is 75t (see Fig. 1.2), 
but that over the iron containing catalyst 1s only 0.73%. 
Vedage (37) reports K values of 40 to 60 for the WGS 
-1 reaction at 235°C, 75 atm, 5000 hr and H2/co ~ 2.33 over 
Cu/ZnO. The theoretical equilibrium constant at these conditions 
is 82.3, and therefore, Vedage's results indicate that the WGS 
reaction approaches an quilibrium conversion. Also, it is well 
known that the shift reaction occurs near equilibrium conversions 
in the Fischer-Tropsch synthesis over iron-copper based catalysts 
(1). In this study, the reason for such low WGS conversions 
might be due to a weak adsorption of H2o onto the catalyst 
surface caused by the presence of long chain hydrocarbons or 
waxes on the surface. Since alcohols are produced to some 
extent, these waxes may have a stronger repulsive force towards 
water than carbon monoxide and hydrogen. 
Hydrocarbons were also formed in the reactor and they 
accounted for 40 to 60% of the CO conversion. The product selec-
tivity and distribution of these compounds are given in Table 
3.6. Hydrocarbons up to c7 were quantitatively analyzed by the 
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inline ga~ chromatograph. 
No branching was detected by the GC analyses, howe~er, 
manual injection of a 25 fu~ ~ample of the exit gas re~ealed 
some branching of the c4 and c5 hydrocarbons. It was e_sti:-:-.ai:ec: 
that less than 3 wt% of the c4 and. c5 compounds were. isob~~ane 
and isopentane. 
3.3.4 Reactant Feed Rate Effects 
In studying the effects of the feed rate on alc6hol synthe-
sis, the inlet space velocity was varied frofu 2500 to 6250 hr-l 
while the temperature 250°C, pressure 75 at~ atid feed concent~a-
tion H2/co/co2 = 50/50/0 vol% were held constant1 A 50/50 
mixture of H2 /co was chosen because at that feed co!Tipos1t:1c::1 
wax build~up on the catalyst sur~ace and reactor exit lines ~as 
minimal, yet a lar9e enough conversion was obtained so tha~ s~a:: 
concentrations of c3 + ~lcohols could easily be i<lenti:ieti 
the inline GC. Steady state coriversions were established 
6-10 hours from the newly adjusted feed rate. The resul~s o: 
these experiments· are summarized in Table 3. 8 
It is e~ident that the CO+ ,CO2 conversion to alcohols and 
hydrocarbons ~ecreas~s as the inlet space velocity increases. 
Increasing the feed rate, shortens the contact time of the 
reactants on the cafalyst surface, thus decreasing the prcibabili~y 
for reactions to occur. The relation between carbon conversion 
and contact time is shown in Figure 3.5. The linear relationsh~~ 
depicted on this plot suggests t~at the reactbr was operated in 
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Table 3.8 
Feed Rate Effects on Alcohol Synthesis over the 
1.2% Fe catalyst at 250°C, 75 atm· and H2/CO/co2 = 
= 50/~0/0 vol%. (Catalyst charge= 2.4524 g) 
GHSV 
Contact Time (sec) 
' 2 Conversion 
CO + co2 (mol % ) 
(mol/kg cat/hr) 
S 1 ' . 3 e ectivity 
Methanol 
Ethanol 
1-Propanol 
2-Propanol 
1-Butanol 
1-Pentanol 
2so·o 
1.44 
4. 6 
2. 9 
8.2 
7 .• 7 
4.9 
0.5 
2. 7 
1. 5 
74.5 
3750 
0.96 
3. 0 
2. 8 
8. 7 
·8. 6 
5. 3 
0.5 
3. 0 
1. 5 
7 2. 4 
50001 
0. 72 
2. 3 
2. 9 
9. 7 
8. 5 
5.4 
0.5 
3.0 
1.6 
71.J 
6250 
0.58 
1. 7 
2. 7 
10.8 
9. 7 
6.1 
0. 6 
3. 6 
1. 7 
·67. 5 
1 This experiment wa~ a rep~at of the one in Table 3.6~ and therefore, due to a 1-2% decrease in carbon conversion from 
catalyst deactivation, the data from these two experiments 
should not be compared dir-ectly. 
2 Carbon conversion to c 1-c5 alcohols and c 1-c7 hydrocarbons 
3 C atom% 
4 Approximate hydrocarbon distribution expressed as C atom%: 28% methane; 1% ethylene; 16% ethane; 7% propylene; 12% propane; 13% butanes; 10% pentanes; 7% hexanesi 5% heptanes. 
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Fig. 3.5: Relationship between carbon conversion and contact time. 
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the differential mode, that is, the carbon conversions to 
alcohol and hydrocarbons is directly proportional to the 
contact time. 
In the range of space velocities studied, the selectivity 
of higher alcohols to methanol was fairly constant. The 
product selectivity of methanol was approximately 8-11% while 
that of the higher alcohols was 17-22%. The carbon atom ratio 
of higher alcohols to methanol was about 2.0 for each experi-
ment. It is expected, however, that as the inlet space velocity 
increases by 10 to 100 times the GHSV that were studied, the 
selectivity toward higher alcohols will decrease. The higher 
alcohols are formed from the addition of a carbon atom to a 
lower alcohol intermediate, and this addition requires a longer 
contact time on the catalyst surface. Shortening that contact 
time, decreases the length of chain growth in the intermediate 
species, and ultimately results in products of low molecular 
weight, such as methanol. 
The selectivity of alcohols to hydrocarbons, however, 
varied considerably with the inlet space velocity as shown in 
Figure 3.6. As the space velocity increased, the production of 
alcohols were favored over that of hydrocarbons. Similarly, 
Figure 3.7 shows that hydrocarbons wer~ favored by long contact 
times, and alcohols by short contact times. Contact times were 
defined as the reciprocal of the inlet space velocity. These 
observations suggest that both alcohols and hydrocarbons are 
primary products. 
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3.3.5 Pressure Effects 
In this study, the total reactor pressure was varied 
from 12 to 75 atm while the temperature 250°C, inlet space 
-1 velocity 5000 hr and feed composition H2/co/co2 = 70/28/2 
vol% were held constant. Two percent carbon dioxide was 
introduced in the synthesis gas because it was observed that 
this feed mixture gave the highest yield of c2-c 5 alcohols. 
Reactor exit gas was monitored periodically by the inline GC 
and steady state conversions were found to occur 8-10 hours 
after changing to a new pressure. The results of these 
experiments are summarized in Table 3.9. 
It was observed that increasing the pressure enhanced 
catalytic activity which can be seen by the increase in the 
CO+ co2 conversion to alcohols and hydrocarbons. In effect, 
as the system pressure was increased, the partial pressure 
of the reactants increased, and since the stoichiometry of the 
reactions were such that the moleratio of reactants to products 
was greater than unity, the reactions were forced in the 
direction of the products. This reasoning follows Le Chatelier's 
Principle which states,"that a system at equilibrium when sub-
jected to a perturbation, responds in a way that tends to 
eliminate its effects." In this case the perturbation was an 
increase in the reactant concentration, and the system strain 
was released by the formation of a greater number of products. 
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Table 3.9 
Effects of Reaction Pressure on Alcohol Synthesis 
Over the 1.2% Fe Catalyst at 250°C, 5000 hr-land 
H2/co/co2 = 70/28/2 vol% (Catalyst Charge= 2.4514 g) 
Reactor Pressure (atm) 12 25 50 75 
Conversion 1 
co + CO2 (mol % ) 4. 3 4. 4 8.5 12.0 (mol/kg cat/hr) 3. 2 3. 3 6. 4 9.0 
Selectivity 2 
Methanol 5. 0 6. 5 8. 0 10.5 
Ethanol 3. 9 4. 2 4.7 4.8 
1-Propanol 2. 6 2. 7 2. 9 3. 0 
2-Propanol 0.2 0.2 0.3 0. 3 
1-Butanol 1. 5 1. 6 1. 7 1. 8 
1-Pentanol 0.8 0.8 0.9 1. 0 
Methane 2 9. 3 26.6 22.1 17.9 
C2-C7 Hydrocarbons 3 56.7 57.4 59.4 60.7 
Yields (g/kg cat/hr) 
Methanol 5.1 6. 9 16.4 30.2 
c2-c5 Alcohols 6. 0 6.5 14.0 20.4 
1 Conversion to c1-c5 Alcohols and c1-c7 Hydrocarbons 
2 C atom% 
3 Approximate distribution expressed as C atom%: 2% ethylene, 20% ethane, 4% propylene, 20% propane, 18% butanes, 15% pentanes, 12% hexanes, and 9% heptanes. 
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Further o~servations show th~ effect of ~resSµre an th~ 
product sel~ctivity and yi~ld. As the pressure increases, 
catalytic activity tends to favor the formation af alcohols 
over hydrocarbons which is evident from Figure 3.8; however, 
the selectivity of higher alcohols to methanol decreases a~ 
shown in Figure 3.9. Also, the yield qf higher alcdhols 
increases with increasing pressure as indicated in Table 3.9, 
but the weight fraction of the higher alcohols in th~ total 
alcohol product decreas~s at_ the expense of methanol. T~e 
equilibrium conversiohs in Figure 1.2 suggest that the prod~ct 
distribution is higher in hydrocarbons than alcohols for the 
pressures considered, but the selectivity of alcohols to 
hydrocarbons does, in fact, increase'with the formation of 
methanol at the higher pressures.· Similarly, the predicted 
distribution of alcohols, according to Figure- 1.2, is such 
that the ielectivity of higher alcohols to methanol decre~ses 
with increasing pressure, which is consistent ~ith experi~e~tal 
observations. On fhe bther h~nd, the equilibriu~ corivetsio~s 
of alcohols, assuming that each reaction is independent of one 
another, indicate that eth~nol and propanol formation are 
favored over that of methancil which is inconsistent with the 
experimental results. The reason for the inconsistency is that 
e Figure l. 2 models inq/pendent reactions, while the real system 
involves several simult~neously occurring re~ctioris. Also, 
most of the reactiODS are chain-building or chain-propagating, 
and therefore, c1 compounds would be more abundant than c2 
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compounds, and c2 compounds would be more abundant than c3 
compounds and so on. 
3.3.6 Temperature Effects 
The influence of temperature upon reaction rates and 
product distribution were studied over the 1.2% Fe catalyst. 
-1 The reaction conditions were set constant at 75 atm, 5000 hr 
and H
2
/co/co2 = 70/28/2 vol% while the temperature was varied 
from 220 to 265°C. Steady state conversions were established 
6-10 hours after switching to a new temperature. A summary o: 
the carbon conversions, alcohol yields and product selectivity 
are given in Table 3.10. 
It is apparent from these experiments that the conversion 
rate of CO+ co2 to alcohols and hydrocarbons increases as the 
temperature increases. For temperatures up to 250°C the rise 
in carbon conversion can be attributed to the increased rates 
of alcohol and hydrocarbon formation as seen in Figure 3.10. 
However, for temperatures above 250°C, the rate of formation 
of alcohols decreases while that for hydrocarbons increases 
steadily. These results may suggest that carbon formation on 
the catalyst surface becomes accelerated above 250°C, and that 
catalyst sites responsible for the formation of alcohols become 
inactive. It would also seem plausible that carbon coverage 
on sites responsible for hydrocarbon formation occur, and 
therefore, it would seem reasonable to observe a decrease 1n 
hydrocarbon formation. It is known (33), however, that hydro-
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Table 3.10 
Temperature Effects on Alcohol and Hydrocarbon Synthesis 
Over the 1.2% Fe Catalyst at 75 atm, 5000 hr- 1 , and 
H
2
/co/co2 = 70/28/2 vol% (Catalyst Charge= .0024514 g). 
Reactor Temperature (°C) 
. l Conversion 
CO + co2 (mol % ) 
(mol/kg cat/hr) 
Yields (g/kg cat/hr) 
Methanol 
Ethanol 
1-Propanol 
2-Propanol 
1-Butanol 
1-Pentanol 
Selectivity (C atom%) 
Methanol 
c2-c5 Alcohols 
Methane 
220 
l. 8 
l. 4 
4. 9 
l. 4 
0.8 
0.0 
0. 0 
0. 0 
11. 3 
7.5 2 
60.0 
21. 22 
6. 9 
5. 2 
16.3 
5. 4 
2. 9 
0. 4 
l. 6 
0. 8 
9. 8 
10.3 
23.5 
56.4 
250 
12.0 
9. 0 
30.2 
9. 9 
5.4 
0.5 
3. 0 
l. 6 
10.5 
10.9 
17.9 
60.7 
l Conversion to c1-c5 Alcohols and c1-c7 Hydrocarbons 
2 c
4
+ Alcohols and c6+ Hydrocarbons w~re not formed 
265 
14.9 
11. 2 
19.9 
8. 3 
4. 5 
0.4 
2.5 
l. 3 
5. 6 
7. 3 
18.3 
68. 8 
3 Corrected for approximately a 4% decrease in CO conversion 
due to catalytic deactivation 
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genation of the surface carbon species can lead to the formation 
of hydrocarbons, particularly methane, thus explaining a continued 
upward growth in the reaction rate of hydrocarbons. 
It was also observed that the product selectivity 1s strongly 
dependent on the temperature. At low temperatures, methanol 
was the primary product among the alcohols, but at high tempera-
tures c2+ alcohols were favored. Similarly, methane was favored 
at the lower temperatures, while c2+ hydrocarbons dominated the 
product distribution at the higher temperatures. Figure 3.11 
indicates that chain growth for alcohols and hydrocarbons 
increased with a rise in temperature, but the selectivity of 
alcohols to hydrocarbons reached a maximum value at 250°C and 
then decreased at higher temperatures. The characteristic trends 
in the product selectivity are to be expected, since they follow 
the behavior of the reaction rates given in Figure 3.9. 
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3.3.7 Effects of Isopropylamine 
In general, amines are known to react with aldehydes 
and ketones to produce alkyl substituted amines and water (38): 
R C=O 2 + + 
where R=H or alkyl. The reaction is a typical nucleophilic 
addition of the electron-rich (base} nitrogen of the amine 
attacking the electron-deficient (acid) carbonyl carbon of 
the aldehyde or ketone. Secondary amines are more basic, and 
therefore, more reactive than primary amines which are more 
reactive than ammonia: 
R -NH ) R-NH 2 2 
decreasing reactivity~ 
On the other hand, the oxygenates of the lowest molecular 
weight are the most reactive due to a combination of elec-
tronic and steric factors: 
increasing reactivity~ 
With these ideas in mind, isopropylamine was added to the 
reactant feed gases in an attempt to trap the oxygenated in-
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termediate, and thereby gain some additional insiaht into 
the reaction mechanism over the Fe/Cu/Zn system. 
Initially, a steady state conversion was established at 
235°C, 75 atm, 5000 hr-land H2/co;co2=70/30/0 vol% with-
out the addition of isopropylamine. Then, 20µ1/min of liquic 
isopro~ylamine was pumped into the feed gas mixture. Within 
6 to 8 hours of the start of pumping, a steady state con-
version was achieved. Quantitative analysis of the products 
was obtained by inline gas chromatography, while qualitative 
data was obtained by mass spectroscopy. Experimental results 
are summarized in Table 3.11 and Figures 3.12 and 3.13. 
It was observed that the small quantities of isopropyl-
amine pumped into the system had little effect on carbon con-
version, however, the product distribut 10n changed signif-
icantly. Alcohols were consumed completely by the amines while, 
the rate of hydrocaubon production decrease significantly. 
There was no additional branching observed in the hydrocarbon 
product, but it was apparent that the distribution shifted 1n 
favor of the longer chain molecules. It was also observed 
that the olefin to paraffin ratio increased significantly 
with the addition of the amine. The amine products consisted 
of methyl, ethyl and n-propyl substituted isopropylamines with 
a high selectivity for N-methyl,N-ethyl isopropylamine. 
Since there were no alcohols in the reactor exit gas, 
these results indicate that isopropylamine reacts readily 
with either the alcohol precursor or the alcohols after they 
have been formed and are readsorbed onto the catalyst surface. 
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Table 3.11 
Effects of isopropylamine on 
over the 1.2% Fe catalyst at 
and H2/CO/C02=70/30/0 vol%. (R = 1sopropyl) 
product distributions _1 235 C, 75 atm, 5000 hr , 
Catalyst charge= 2.414 g. 
Isopropylamine 1n Feed (j.Jl/min) 0 20 
Conversion 
co+ (mol%) CO 2 (mol/kg/hr) 
-4 Products (XlO mol/hr) 
c1-c5 Alcohols 
c]-c7 Hydrocarbons 
Amines: 
R-NH-CH 3 
R-N-(CH 3) 2 
R-NH-C2H5 
R-N-(CH 3 ,c2H5 ) 
R-N-(C2H5) 2 
R-NH-(n-C 3H7 ) 
Certain Molar Ratios 
Alcohols/Hydrocarbons 
Olefins/Paraffins 
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Whether the amines attack the alcohol precursor or the 
alcohols will be discussed in Chap. 4.3.3. The fact that 
the total hydrocarbon product decreased durino a~1~e 
pumping, suggests that there is competition for reactive 
sites between the hydrocarbon intermediate and isopropyla~ine. 
The reason for an increase in the olefin yield as the amine 
was added to the system could be explained in two ways. 
The first, is that the presence of isopropylamine, perhaps 
by competitive adsorption with hydrogen, inhibits the hydro-
genation step for the formation of paraffins. 
slow 
H + CH -R 
I 3 
M 
The formation of olefins, however, is uninhibited by the 
presence of the amine because these compounds form by 
~-hydrogen elimination (3~)and do not need adsorbed hydro~en. 
R 
~ + RCH=CH 2 
M 
The reduction in the hydrogen step would also explain the 
shift toward longer chain hydrocarbons. That is, the reac-
tion intermediates do not become hydrogenated to products but 
continue to polymerize on the catalyst surface. The second 
explaination to a higher olefin to paraffin ratio is, that 
~-olefins may be formed by a secondary reaction via a Hofmann 
elimination (38): 
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+ I I RN -C-CH 3 I I 
OH 
\ I 
+ C=C + I \ 
However, the presence of a Hofmann elimination was explored 
further in another experiment that involved pumping n-butanol 
and isopropylamine 1n a CO-free feed mixture under synthesis 
conditions similar to those in Table 3.11. In this reaction 
the formation of n-butylisopropylamine would be an expected 
product, since the alcohol would be adsorbed onto the catalyst 
surface, rearrange to form a stable oxygenated intermediate, 
and then react with the amine by a nucleophilic addition. 
If the Hofmann elimination does occur over the Fe/Cu/Zn 
system, then n-butylisopropylamine would decompose in the 
presence of a base (OH) to 1-butene, isopropylamine and 
water. The results of this experiment are summarized in 
Table 3.12. It is evident that a large number of products 
wore synthesieed including n-butylisopropylamine, however, 
there was no evidence of butene or other hydrocarbons being 
formed. Therefore, Hofmann elimination does not occur under 
the synthesis conditions of this work. 
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Table 3.12 
Reaction of n-butanol and isopropylamine over 1he 1.2% Fe catalyst at 235°C, 75 atm and 5000 hr- . Liquid pumping rate = 4 0 /J' 1/min. 
100/0 70/30 100/0 
Liquid Feed (mole ratios) 
n-butanol l l l 
isopropylamine l l l 
water 0 0 0.5 
Reactor Effluent1 (%) 
n-butanol 28.6 11. 7 37.8 
isopropylamine 15.3 6. 0 16.3 
water 3. 7 6. 7 9. 3 
acetone 3.5 5. 0 5.5 
butane nitrile 5.3 3.0 l. 7 
N-isopropylpyrrolidine 9. 7 0 8. 8 
n-butylisopropylamine 21. 9 61. l 12.9 
dibutylamine 3.5 6. 5 2.2 
c9+ compounds 8.7 0 5.5 
butene+ hydrocarbons 0 0 0 
l percent of all products excluding N2 as recorded by the inline GC 
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3.3.8 Schulz-Flory Distribution 
Figure 3.14shows a typical distribution curve for the 
alcohols and hydrocarbons obtained with the 1.21 iron catalyst. 
The curves are strongly reminiscent of the Schulz-Flory 
("most probable") distribution of molecular weights found 1n 
oligomerization and polymerization processes. In fact, 
the hydrogenation of CO over the Fe/Cu/ZnO catalyst can be 
treated as a polymerization process, where the monomer is 
replaced by (CO+ 2H 2), and the main reactions determining 
the distribution of molecular weights are chain propagation 
and chain transfer, as in the oligomerization for ethylene 
( 4 0) • 
In a kinetic view point, the rate of chain propagation 
(r) may be defined by p 
r = p 
+d[-CH -) 2 
dt 
( 3. l) 
where -CII2- is the monomer unit and tis time. The reaction 
interrupting chain growth and leading to oligomers is a 
chain transfer reaction. Here, the chain leaves the metal 
site forming an olefin, and a new chain is started as described 
by 
where Mis the metal site. This reaction is of the same t 
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nature as the 8 -hydrogen abstraction_, where a hydr0sE::-. atr.J:-,-
from the second carbon atom away from the metal attacr:s thi::: 
metal center, thus breaking the bond between- the :irst i:arl:,r~:-. 
atom and the metal. The rate of chain transfer (rt I ca~ 
. r 
be written as 
r = tr 
+d [olefin] 
1~.2 1 
dt 
The Schulz-Flory distribution for molec;:ular wei9hts, 
as derived in Appendix A4 (eq. A4.9), is given by 
N = N (l~1) 23x-l 
X O . ( 3. 3 '. 
where N is the total number of molecules containg x carbor. X 
atoms, N0 is the total number of monomer .units (-c~ 2-) 
in the system, and the probability of chain-growtr. (:.i) 
is defined as 
Ct = 
r p 
r + r p tr 
Equation 3.3 can be expressed in logari~hmic form as 
. 2 
( 
(1-;.'1) ) 
log · . + 
-. ll." 
xlog ., 
( 3. 4) 
( 3 .-5 \ 
If for a given polymer the graphical representation of 
log (Nx/N 0 ) versus x gives a straight line, ai1d ., determined 
from the intercept and slope are in good agrc~ment, then the 
molecular weight distribution follows the Schulz~Florr law. 
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Figures 3.15 and 3.16 refer to the graphical representatis~ 
of Eq. 3.5 for the data presented in Figure ~.14. It is 
apparent from the straight lines, that the carbon n~rnter Gist-
ributions obey the Schulz-Flory law with l =0.32 for alcsh0~s 
and a=0.55 for hydrocarbons. The small deviations at c1 
and c2 are due to the decomposition of ethylene to ~ethe;.e 
in a hydrogen rich environment: 
Depending on the reaction conditions, the propagation consta;.: 
(~) varies from 0.32 to 0.47 for alcohols and from 0.46 to 
0.55 for hydrocarbons. The values of J for alcohols, howeve~, 
are significantly lower than the conventional F-T reactic;.s, 
e.g. 0.45 to 0.81 (25,40), while that for hydrocarbons are 
essentially the same. Therefore, the catalyst in this wor~, 
compared to F-T catalysts, has a higher selectivity for lo~ 
boiling point alcohols. The yield of methanol was in ac-
cordance with that expected from the Schulz-Flory distribut:2~. 
This is in sharp contrast to the amount of methanol produced 
by F-T synthesis, in which the methanol yield is usually 
lower than expected from the a value determined from higher 
alcohols. Also, in this work the a values for alcohols and 
hydrocarbons are distinctly different, whereas in F-T synthesis, 
they are the same. This suggests that the reaction mechanism 
involves two paths; one leading to the formation of alcohols, 
and the other leading to the formation of hydrocarbons. 
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Figures 3 .17 and 3 .18 refer to the Schulz-Flory distributions 
for the data collected in the isopropylamine experiments 
Table 3.11 and Figure 3.12). At 235~C and without the 
influence of isopropylamine, the distributions for alcohols 
and hydrocarbons give o. values of 0.47 and 0.53, respectively. 
Upon the addition of isopropylamine to the reactor feed gases, 
the alcohol distribution vanishes because alcohols are 
completely consumed by the amines, however, the distribution 
of hydrocarbons shifts in favor of the longer chain products, 
indicated by a larger propagation constant 0.58. This shift 
1n the hydrocarbon distribution was previously explained 
as an inhibiting affect on hydrogenation of the hydrocarbon 
intermediates due to the presence of the amine. The dis-
tribution of the alkyl groups, e.g. -CH 3, -c2H5 , -c3H7 , 
on the product amines (excluding the isopropyl group) is 
plotted in Figure 3 .17 according to Eq. 3 . 5. It is apparent 
from the non-linearity of these points that the formation of 
alkyl groups do not follow the Schulz-Flory distribution. 
This indicates that the amines attack the alcohol precursor. 
If the amines reacted with the alcohols, then the 
Schulz-Flory distribution of alkyl groups would give exactly 
the same distribution as the alcohols (~=0.47). The yield 
of c2 substituted amines lies above the expected value found 
for the alcohol distribution and the amount of c1 and c3 
alkylated amines lies below the expected value. The reason 
for the low yield of c1 and higher yield of 
c
2 
could be explained as a methyl transfer reaction similar 
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to that reported by Chen and Feder(40). That is isopropyl-
amine reacts with a c1 intermediate to form a methylated amine 
which, in turn, transfers the methyl group to the activated 
* 
iron center (Fe). Following CO insertion, a c2 oxygenated 
compound is formed and is readily attacked by the amine. The follow-
ing scheme illustrates these reactions (R=isopropyl): 
l. 
2. 
3. 
4. 
-
H 
RNH-CH 3 + I M 
H 
RNH-CH 3 + I * Fe 
CH 3 
- RNH2 + I * 
Fe 
CH 3 H3C-C=O 
I * + co ----, I * 
Fe Fe 
H3C-C=O I * + RNH 2 ---, Fe 
H 
I 
* Fe 
Thus, c2 alkyl amines are created at the expence of c1 sub-
stituted amines. The low yield in c3 substituted amines is 
explained as a termination in the chain-growth due to the 
attack of amine on the c2 intermediates. 
The results of the amine work are 1n direct contrast to 
Olive's (42) results in the production of amines by the reaction 
of ammonia and synthesis gas over iron catalysts. Unlike 
the amine distrbution found in this work, Olive' observes 
a distribution of amines that obeys the Schulz-Flory law, 
0 
e.g. at 200 C, ~ =0.69. The products found in his work were 
exclusively primary amines, whereas in this work, starting 
with the primary amine, secondary and tertiary amines where 
formed. Olive' proposed that ammonia attacks an alkyl in-
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termediate (-CH), however, from this work it is evident X 
that the oxygenated intermediate reacted with the amines 
and that the hydrocarbon intermediate was essentially left 
undisturbed. This indicates that Olive' may not have 
observed an ammonia-alkyl reaction, but rather a reaction 
involving an oxygenated intermediate and ammonia. 
j 
3.3.9 Mechanistic Scheme 
In developing a mechanistic reaction scheme for the 
hydrogenation of carbon monoxide to alcohols and hydro-
carbons over the Fe/Cu/ZnO catalyst, the following con-
siderations should be kept in mind. Firstly, it was 
observed that alcohols, as well as, hydrocarbons are 
primary products (Figures 3.6 and 3.7). This means that 
there is a direct route from the reaction intermediate to 
the final product, and that, subsequent hydrogenation of 
alcohols to hydrocarbons or hydrolysis of olefins to 
alcohols does not occur. Secondly, it is evident from 
Figures 3.1Sand3.16 that the alcohol and hydrocarbon 
distributions obey the Schulz-Flory law, indicati~g that 
the process is a polymerization. Also, since the propagation 
constant is lower for alcohols than for hydrocarbons, there 
must exist two reaction pathways, one leading toward the 
formation of alcohols and the other toward hydrocarbon 
formation. Lastly, in support of the previous issue of 
two reaction pathways, isopropylamine was used to suc-
cessfully trap only the alcohol intermediates, thereby 
distinguishing a difference between alcohol and hydrocarbon 
precursors. 
A mechanistic scheme is given in Figure 3.19. It is 
believed that the reaction of CO and tt2 occurs over large 
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iron particles to form a CH 2 intermediate and then poly-
merize to hydrocarbons similar to the reactions in a 
F-T synthesis. In F-T synthesis, it is known that hydro-
carbons are formed over catalyst containing large particles 
of iron (1). Secondly, the hydrogenation of CO is believed 
to occur over finely dispersed Fe and Cu/ZnO particles. 
The oxygenated intermediate formed over the C~/ZnO systeffi 
behaves as the monomer to higher alcohol synthesis. The 
iron intermediates interact with the oxygenated compounds 
to form the necessary chain-building groups to form the 
higher alcohols. It is believed that small particles of 
iron exist 1n the Cu/ZnO matrix, although they were not 
identified by x-ray diffraction, because of the evidence 
of a high methanol yield in the Schulz-Flory distribution. 
That 1s, over F-T catalysts methanol is a minor product 
compared to ethanol and propanol,and therefore, the c
1 
position 1s normally much lower than that predicted by the 
straight line in the Schulz-Flory distribution. In 
contrast to the F-T product distribution, this system 
indicates that methanol obeys the Schulz-Flory law because 
it lies on the straight line. 
Keep in mind that this mechanistic scheme explains 
the observations found 1n this research and that the exact 
form of the intermediates and the reaction of the alcohol 
and hydrocarbon precursors are only tentative proposals. 
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3.3.lQComparison to Other Work 
The alcohol products generated by the l.2t iron catalyst 
are compared to those formed over other catalysts in Table 3.13 
It is evident that the catalysts containing alkali metals, 
produce significantly greater quantities of alcohols, par~ 
ticularly higher alcohols. However, Smith ()7) reports at 
more severe operating conditions, that a large fraction of 
the higher alcohols are branched molecules, e.g. 2-methyl-
1-propanol, whereas the alcohols in this work formed at mild 
operating conditions, are primarily linear structures. Un-
fortunately, for all the catalysts, there is a sicnificant 
amount of hydrocarbon formation, expecially over the catalyst 
containing the Fischer-Tropsch metals, colbalt and iron. 
Overall, the Fe/Cu/Zn system seems to provide a solid found-
ation for a catalyst, that upon hydrogenation of CO will 
produce linear alcohols, and if promoted by an alkali metal, 
may have the potential to yield significantly greater amounts 
of the higher alcohols. 
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Table 3. 13 
Higher alcohol synthesis comparison with other work. 
Author Sugier (16) Smith (17) Courty ( 2 5) This work 
Catalyst Cu/Co/Cr/K Cu/Zn/K Cu/Co/Zn/Na Fe/Cu/Zn 
Temperature ( o C) 250 285 290 250 
Pressure ( a trn) 60 130 60 75 
Inlet Space Velocity ( hr -l) 4000 3200 4000 5000 
1--' 
0 
~ Feed, H2 /CO/C02 (vol%) 66/]9/]3 30/63/0 67/33/0 70/28/2 
Alcohol Yield (g/kg/hr) 
methanol 76 111 62 30 
ethanol 125 8 45 10 
propanols 69 11 14 6 
butanols 45 32 9 3 
pentanols 
19 8 2 
Total: 315 181 138 51 
.1 • ... - ',.. • < ... 
3.4 Catalyst Charact.erizatioh 
3.4.l BET .surface Area 
The BET measurements of the tested ca~alysts are Si..lf.'~~.a-
rized in Table 3~14. Although ~he Surface areas ~ay •rar•: b·· 
" -.1 : 
as much as~ Sm2/g depending on the reactor test co:1c.itions 
(6), it is. apparent that adding a third component to :he C.:,'Z:--.. C 
system by coprecipitation causes a reduction in the su~:ace 
area. for instance, the surface areas of the palladi~~ and 
manganese modified methanol catalysts were approxi~ately one-
half that of the parent Cu/ZnO catalyst. The surface areas 
of the iron catalysts, depending on the -a~ount of iron in the 
system, v~ried from three-fourths to 20 times less than that 
of the Cu/ZnO catalyst. 
These results indicate that the activity of the modified 
methanol catalyst were less than that of the parent Cu/ZnO 
catalyst partially because the surface areas of the ternar~· 
catalysts were smaller. In Table 3.15, the activities of the 
ternary catalysts w~re compared to that cif the ·binary catalyst 
at the same te-st conditions. It can be se~n th.::i..t per wei~1ht 
of the catalyst, the a~tivities of the modified meth.::i.nol cata-
lysts were 3 to~ times smnller than the Cu/ZnO c.::i.talysts, but 
per surface area, the activities ~ere only 2 to 3 times s~aller~ 
Obviously, the smaller surface areas were not the only reason 
for a less active catalyst; other factors, such <1.s catalyst 
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Table 3.14 
BET Surface Area Measu~ements 
Catalyst Cqmposition Surface Area (m2/g) 
(mol%) Reacted Reac.ted & Washed 
in Cyclohexane 
Cu/ZnO 30/70 37a 
Pd/Cu/ZnO 9/27/64 19 
Mn/Cu/ZnO 11/26/63 20 
Fe/Cu/ZnO 0.3/32/68 27 
Fe/Cu/ZnO l. 2/32/67 0.4 15 
Fe/Cu/ZnO 9;31;6'e 0.2 19 
a From Ref~rence 6 
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Table 3.15 
A Comparison of CataJyst Activity 
Catalyst Composition co +·· co Conversion a 2 (moi % ) mol% mol/kg cat/hr -3 2 xlO mol/m cat/hr 
Cu/Zn 30/70 55 41 
Pd/Cu/Zn 9/27/64 11 7 . 3 
Mn/Cu/Zn 11/26/63 9 6.8 
Fe/C~/Zn 0.3/32.1/67.6 23 17· 
Fe/Cu/Zn 1.2/37.8/67.0 11 8. 0 
Fe/Cu/Zn 9/31/60 8 6. 3 
a Conversion at 250°C, 75 atm, 5000 hr-land H2/co/co2 = 
= 70/24/6 vol% 
b Calculation includes surface area after the catalyst was 
washed in cyclohexane 
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poisons, the size and shape of the catalyst particles may 
have influenced the catalytic activity. 
Also, it was obse.rved that the activity over the Cu/Zn/Fe 
= 30/70/1.0 and 30/70/10 catalysts were reduced at a rate of 
1. O - 2. 0 mol %/24 hr. This reduction _in activity wa·s. due to 
a decrease in surface ~re~ whtch is evident by comparing the 
area measurements for the reacted and (reac·ted and washed) 
samples of the ternary catalysts. The cause for the de~reasing 
surface area was attributed to carbon bu_ild-up on the catalyst 
surface. 1he form of this surface carbon will be discussed-~n 
section J.4.3. 
3.4.2 X-ray diffraction 
X-ray diffraction measurements and particle sizes for the 
cal~ined catalysts are li~t~d in Ta~le 3.16. A low instrument 
sensitivity was used because 'of the high background interferente, 
and therefore, the sm~ll concentrations of palladium, manganese 
and iron in the catalysts could not be detected. However, since 
the zinc a0d, copper oxides were identified, the half-width of 
ZnO ( 100) , ZnO (11 O) and. CuO ( 111) lattice planes were m~as.ure·d 
and the particle sizes for these compounds were determined. 
Errors determined in this experiment were bas~d in the uncertain-
ties in the measureme·nts of the half-width. 
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Table 3 .16 
X-ray diffraction measurements and particle 
sizes for calcined catalysts 
Catalyst Comp:)Und if Part~cle Size (atom ratio) (miller indices) (mn) 
Cu/Zn= 30/70 b ZnO(lOO) 9.0 + 0.5 
ZnO(llO) 10.5 + 0.5 
CuO(lll) 18. 0 + l. 0 
-
CU/Zn/Pd= 30/70/10 ZnO(lOO) 5.5 + 0.5 
ZnO(llO) 6.0 + 0.5 
CUO(lll) 8.0 + 1.0 
-
CU/Zn/Mn= 30/70/10 ZnO(lOO) 6.0 + 0.5 
ZnO(llO) 6.5 + 0.5 
CUO(lll) 10.0 + 1.0 
-
CU/Zn/Fe= 30/70/0.l ZnO(lOO) 9.0 + 0.5 
ZnO(llO) 10.0 + 0.5 
CUO(lll) 16. 0 + l. 0 
CU/Zn/Fe= 30/70/1.0 ZnO(lOO) 9.0 + 0.5 
ZnO(llO) 10.5 + 0.5 
CuO(lll) 18. 0 + l. 0 
CU/Zn/Fe= 30/70/10 ZnO(lOO) 9.5 + 0.5 
ZnO(llO) 10.0 + 0.5 
CUO(lll) 16.0 + LO 
a Measured half-width from X-ray diffraction charts 
b From reference 6 
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132 + 10 
119 + 8 
62 + 4 
-
281 + 36 
259 + 30 
156 + 23 
-
237 + 28 
226 + 24 
118 + 14 
132 + 10 
126 + 9 
68 + 5 
132 + 10 
119 + 8 
62 + 4 
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A comparison of the particle sizes indicates that addi~s 
palladium or manganese to the CuO/ZnO system increases the size 
of the CuO and ZnO particles, while the addition of iron has no 
apparent effect on the particle sizes. This means that c~o a-- ..... ,r-1 ....... 
ZnO crystallites aggregate more in the presence of Pd or ~n tha;. 
in the binary system and in the ternary system co~taining Fe. 
It can also be seen that the (100) and the (110) reflectio;.s o: 
ZnO gave different values for the crystallite particle sizes. 
This confirms that the ZnO particles are not spherical. Also, 
there were no apparent peak shifts in the CuO and ZnO spec~ra 
that would indicate migration of Pd, Mn or Fe into the copper 
and zinc crystallites. 
3.4.3 Auger/X-Ray Photoelectron Spectroscopy 
After testing, the catalysts were characterized for surface· 
analysis by Auger and X-ray photoelectron spectroscopy. Qualita-
tive results were obtained using both techniques, while a semi-
quantative analysis (10-20% accuracy) was achieved through Auger. 
The emphasis of this work was placed on identifying each element 
that composed the catalyst, as well as, detecting other forei011 
substances on the catalyst surface. 
The surface elements and concentrations are sununarized in 
Table 3.17 for the catalysts containing palladium, manganese and 
1.2% iron. In these analyses, palladium and iron were not 
identified because of the following possible reasons: 1) the Pd 
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Table 3.17 
Surface Concentrations of Tested Catalysts 
Catalyst Pd/Cu/Zn Mn/Cu/Zn Fe/Cu/Zn 
Bulk Composition(%) 4/28/68 11/26/63 1.2/31.8/67 
Surface Concentration ( % ) 
Element 
Pd o.oa 
Mn 2 . 3 
Fe o.oa 
Cu 10.7 11. 2 15.0 
Zn 6 0. 9 55.1 9. 9 
0 24.5 25.3 6.2 
C 1. 8 4. 8 68. 9 
Cl 2.1 1. 3 0. 0 
Others 0.0 0. 0 0.0 
a Probably covered by Carbon 
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and Fe concentrations were too small for the instrument to detect; 
2) Pd and Fe were not located on the surface of the catalyst, or; 
3) Pd and Fe were buried under the surface carbon. Since the 
presence of hydrocarbons in the reaction products indicate that 
Pd and Fe actively participated as catalysts, it 
would seem reasonable to assume that these metals were located 
on the catalyst surface but covered by the carbon. The carbon, 
identified as graphite or (CH2 )n' was found to be evenly dispersed 
throughout the catalysts surface. The amount of carbon formed 
over the Pd and Mn containing-catalysts, 1.8 and 4.8% surface 
coverage, was comparable to that formed over the binary Cu/ZnO 
catalyst, ~7% (6). In the case of the Fe/Cu/ZnO catalyst, 68.9% 
of the surface was covered by carbon. Since the relative concen-
trations of Zn and Oare low compared to that of Cu, it seems that 
the carbon has migrated from the nucleating iron centers to the 
other parts of the catalyst surface. Although Pd and Fe were not 
detected1 Cu and Zn were found, and identified as divalent metal 
oxides. The presence of CuO and not cu0 is explained by the fact 
that the tested catalysts were exposed to air prior to the surface 
analyses. Auger spectra exhibited lines of chlorine, which was 
found in trace quantities on the Pd and Mn catalysts. The presence 
of Cl probably resulted as an impurity in the water used in the 
catalyst preparation. This finding could account for low catalyst 
activity, since chlorine is known to be a poison in methanol 
synthesis (5,6). Also, further investigations showed that sulfur 
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and other impurities- were not presf~nt on thC'. s·)·rf ;-;.er:: ,.,: •_r.r:: 
catalysts. 
Since the XPS spectra of the tested catalysts di~ hs~ 
exhibit lines for Pd, Mn and Fe, the oxida.tion sta·tes o~ t!".E:.5(-: 
metals cannot be determined. However, it is telie·,ed that 
. 0 palladium is present as a. metal Pd, and not the oxirie:: J,ri',. 
2+ 2+ 'I'he standard reduction potentials of Zn. ·, Cu , ?d 
2+ 0 to the metallic ground state (M + 2e --• J>~· J are 
-0.76, +0.34, an<.1 +0.83 V. It 1s known that COHA~r 1s 
., 
L-
reduced to the metallic <]round s·tate under the red·Jc~iu:~ J.:-:.: 
testinq conditions, while zinc 1s not (5, 6). 
that the manqane-se 1s present~ as .MnO since the• st.1::darL.1 rt·c~:c: :.:: 
pot <' n t i.:..1 I - 2+ ) fur Mn is -J .OJ V, which is lower than that of z~-
l-1 Jt .i-s uncr>rt-ai.n thcJt Fe• is reducl!d to t·lw met.1llic qro.ur1c~ 
st:at(' since• its oxidnt-ion potenlial (-0. 36 V) 1s bt'-tviCL'I1 th.it 
of 1i11 2 i and cu 2+. However, in Fisclwr-Tropsch syntl1t'S.i'., 1rLrn 
k l t l l , O . J I' ) l 1s nuwn Lo )t' IJresPnt u.S me il ·p, an ox1uf' ·t•t , ,111- ;1 X 
m,~t c1 I. c<1rbid,• Ft!C (I). 
X 
I J .! 
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3.4.4 Elemental Analysis 
Samples of the calcined cataly~t were sut~1::ed :0 a~aly-
tical labbratories for the determination o~ t~l~ cc~ce~:ra:~o~s. 
The results of these analyses are summarized i::-. Tat.:e 2 .18. 
Experimental errors are less than 2 percen:. 
Table 3. 18 
Compositions of Calcined Catalys:s 
Catalyst X X/CuO/ZnO X/C .. :.01 Z;;C r .. -:-A a:~-= : __ 5 
I. D. (mol % ) (weic:-:: 
JS7 PdO J.6/2~.J/68.1 5. 3/27. 3/67. 4 
JS4 MnO 11. 3/26. 0/62. 7 10.1/25.9/64.0 
JS8 Fe01;5 0.3/32.1/67.6 0.3/31.6/68.1 
JS6 FeOl.5 1. 2/31! 8/67. 0 1. 2/31. 3/67. 5 
JS5 Feo1_5 9.0/31.4/59.6 8.9/31.0/60.l 
1The Baron Consulting Company 
2 Schwarzkopf Microanalytical Laboratory 
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4 Summary 
4.1 Pd/Cu/ZnO 
It was apparent from the experi:7!ents ir.?ol·,ins Pd, that 
palladium was a less active and less selecti·,e catalyst than 
the Cu/ZnO catalyst. For instance, at 2S0°C, 7S at~, a 
GHSV=5000 hr-land a reactor inlet concentration of H2/CG/CC 2= 
70/28/2 vol%, the conversion of CO+ co2 to prod~cts over tte 
Pd/Cu/Zn catalystwas 18 molS, while that o?er the C~/Z~O 
catalyst is 68 %. As seen in Figure 3.1, the activity of 
the palladium catalystwas significantly less tha~ that o: 
the Cu/ZnO catalyst for various co2 feec concentrations. 
The product distribution over the Pd catalyst~as 97.8% 
methanol and 2.2% light hydrocarbons, while that over the 
binary catalyst is 100% methanol. The hydro-
carbon formation wasindicative of the cresence o: Pc a~~ 
its strong hydrogenation properties. When Pd wasinccrpor-
ated into the binary system, the principal catalyst cc~sistei 
of the Cu/ZnO complex, of which wasmoderated in its ~ethanol 
synthesis activity by the palladium. 
Characterization of the Pd/Cu/Zn system lead to 
some physical explainations as to the low activity of the 
catalyst. For one, the introduction of PdO into the CuO/ZnO 
matrix increased the particle size of both the CuO and ZnO 
crystallites, thus decreasing the surface area of the cat-
alyst. The particle size of th~ CuO(lll) and ZnO(lOO) 
O 0 lattices were 156 A and 281 A in the ternary catalyst, more 
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than twice that in the binary catalyst, 62 A and 132 A. 
2 The surface area of the palladium catalyst wasl9 r /g, 
2 about one-half that of the Cu/ZnO catalyst, 37 m /s. 
As a result, the activity per weight of the Pd catclyst 
was lower than that of the binary catalyst. Also, 
d R h l spect / . . , . Auger an X- ay P otoe ectron rbscop1es 1nc1cate the 
presence of carbon and chlorine on the catalyst surface. 
Carbon was identified as a graphite or poly~er and see~s to 
cover the palladium particles, thereby hindering the 
performance of its catalytic activity. Chlorine was found 
in small traces throughout the catalyst surface anc could 
also contribute to the low activity as a catalyst poison. 
'· 
i 
!/. 
I • .. I 
4.2 Mn/Cu/ZnO 
Although the selectivity of the Mn/C~/Zn0 catalyst 
fairly high toward methanol, the activity wassigni~icantly 
C 
lower than the binary catalyst. At 250 C, 75 at~, a GHSV= 
5000 hr-land an inlet concentration of H2/co;co2=70/28/2 
vol%, the product distribution over the ~anganese catalyst 
was 99.9 mol% methanol and 0.1% ethanol, with a carbon con-
version of 20.7 mol%. At these same synthesis conditions, 
the Cu/ZnO catalyst produces 100% methanol at a 68 ~al% 
conversion. The activity of the ternary catalyst ~as low 
for all inlet concentrations of CO 2 as seen in Figure 3. 3 
This catalyst followed the same dependence in rr.ethar-.ol svr-.-
thesisas does the binary catalyst. That is, as the co2 
feed concentration varied from Oto 6 vol%, the catalyst 
activity went through a maximum at 2 vol% co2 . Similar to 
the effects of Pd on the binary catalyst, ~m also seemed 
to surpress the catalytic activity of the Cu/ZnO system. 
The low methanol synthesis activity of the ternary 
catalyst was a function of the physical alterations of the 
basic Cu/ZnO catalyst. Upon the addition of ~10, the 
particle size of both the CuO and ZnO crystallites increased 
0 
The particle size of the CuO(lll) L1ttice doubled from 62 A 
0 
to 118 A, as did that of the ZnO(lOO) lattice which is 
0 0 132 A in the binary catalyst and 237 A in the ternary catalyst. 
As a result, the surface areas changed by a factor of two, 
decreasing from 37 m2/g for Cu/ZnO to 20 m2/g for Mn/Cu/ZnO. 
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Auger spectra of the tested catalyst indicated that at least 
2.3% of the surface is manganese, howe~er, si~ce a srall 
quantity of carbon was also present, it ~ay have covered some 
of the Mn particles, thus hinde!:""ing its activity. Chlorine 
was also present 1n small amounts and co~ld have acted as a 
catalyst poison. The slow poisoning effect o~ Cl~as evident 
by the downward slope of the methanol activity in ~ig~re 3.2. 
The presence of this poison was probably due co chlorine 
impurities in the distilled water used in the catalyst 
preparations. 
1' 
•. 
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4.3 Fe/Cu/ZnO 
The results of the tests corresponding to the Fe/Cu/ZnO 
catalyst indicated that,when small amounts of Fe were added to 
the Cu/ZnO system, the product distribution shifted 
in the the direction of long chain molec~les, even though the 
catalyst activity decreased. When catalysts containing 
0.3, 1.2,and 9.0 mol% Fe incorporated into a Cu/Zn0~30/70 
mol% matrix were studied (Table 3.3), it was determined that 
the 1.2% iron concentration (jS6) was optimuhl for the 
following reasons: 1) this catalyst produced significant 
amounts of higher alcohols (15.6 g/kg/hr), more than the 
0.3% iron catalyst (1.6 g/kg/hr) did, but not quite as 
much as the 9.0% iron (JS5) catalyst produced (18.3 g 1kg/hrl; 
2) the alcohol to hydrocarbon ratio was higher in JS6,0.51, 
than JS5, 0.31; 3) the selectivity toward c1-c8 compounds was 
also higher in JS6 1 95.9%, than in JS5, 89.9%; 4) and lastly, 
the rate of catalyst deactivation due to carbon coverage 
on the catalyst surface was lower in JS6 (1-2 mol~'decrease 
in carbon conversion per 24 hours) than in JS5 (5mol%/24 hr). 
0 -1 When JS6 was tested at 250 C, 75 atm, a GHSV=5000 hr 
and an inlet concentration of H2/co;co2=70./24/6 vol%, the 
CO+ co2 conversion was 10.6 rnol%, about one-fifth that of 
the binary Cu/ZnO catalyst, 55 mol%; but the alcohol product 
distribution was 16.0 moli methanol, 2.1%ethanol, 0.9% propanols, 
0.35% butanols and 0.14% pentanols. Endly, these results 
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indicated that only small amounts (~ll) of iron were needed 
to change the catalytic behavior of the C:...:/ZhO catalyst. 
The effects of carbon dioxide on catalytic activity 
over the Fe/Cu/Zn system (JS6) were studied (Table 3.5), 
and fo·und to be similar to those on t.he C.u/Z:10 catalyst. 
Both cataly~ts gave a maximum in activity when 2 voli co2 
was in the feed mixture, however, the .conversion to methanol 
over JS6 increased as the co2 concentratid:1 i~c~eased ~ro~ 
0 to 6 vol%. Consequently, the effe~ts of co2 on the Fe 
catalyst wer~ such that catalytic activity w~s prb~ote¢ by 
small amounts 9f co2 in the feed, but the product distributic~ 
shifted from long chain compouhds to c1 compounds as the cc2 
concentration increased, thus co2 competes for reaction 
sites needed for chain growth. 
The influence on product distribution by varying the 
synthesis conditions was also investigated. Firstly, as 
the H2/co feed ratio increased, the c2+;c1 alcohol rjtio 
decreased (Figure 3.4). This ratio decreased because the 
~as simil0r to · 
syn thesis of higher alcohols / a seqt:1en tial prop.:iqa t ion of 
low alcohol intermediates, and that i~creasinq the hydro~ 
gen cone en t ration c·nhanccd the hyd ro:1ena tion s tqJ for the 
me th3nol intermediate, thus fonninq IUe thano 1 and inhibit i n:1 
ch.:iin growlh. Secondly, it was observed th.:it hydrocarbons, 
c1s well. as .::ilcoho.Ls, were prim.:1ry products (Figures 3.G .ind 
3. 7) under: the syn thesis conditions L)f this work. Thi~ means 
th.::it thcr.c was J. direct route from the reaction inh:rmcd~ate 
to the finc1l product. Thirdly, as the reactor pressure was 
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decreased, the c2+;c1 alcohol ratio increased (Figure 3.9), 
but this was to be expected since the thermodynamic conversion 
of higher alcohols is favored at lower pressures. Lastly, 
upon increasing the temperature from 225 to 250°C the c2+;c1 
ratio increased, but at temperatures above 250°C alcohol 
formation was suppressed due to the formation of surface 
carbons. 
In another experiment, isopropylamine was added into the 
synthesis mixture H2/co = 70/30 vol% at 235°C, 75 atm and a 
GHSV = 5000hr-l in order to trap the oxygenated intermediates. 
As a result, no alcohols were formed, but the distribution 
of amines consisted of methyl, ethyl and n-propyl substituted 
isopropylamines. In the presence of amines, the hydrocarbon 
distribution was found to shift in favor of the longer chain 
molecules and the olefin/paraffin ratio increased. These 
changes in the hydrocarbon distribution were due to a decrease 
in the hydrogenation rate of the CH intermediate. 
X 
The alcohol and hydrocarbon distributions were found to 
obey the Schulz-Flory "most probable" molecular weight dis-
tribution. The values of a ranged from 0.32 to 0.47 for 
alcohols and from 0.46 to 0.55 for hydrocarbons, depending 
on the reaction conditions. In general, the~ values for 
alcohols were lower than that for hydrocarbons, indicating 
that the rate of chain propagation was different for the two 
species. 
121 
.~ 
. 
-,, 
,· 
\ 
" 
·, 
l 
t 
t 
.. ' . ~ . ,·. ·: 
Furthermore, a mechanistic scheme was proposed to 
explain the distribution for alcohols and hydrocarbons. 
It was believed that higher alcohols were forLled over 
finely dispersed iron and Cu/ZnO particles by the interactio~ 
of the methanol precursor and the iron-bound CH 2 intermediates. 
On the other hand, hydrocarbons were believed to polymerize 
over larger iron particles similar to that in a Fischer-
Tropsch synthesis. 
The alcohol products generated over the 1.2% Fe catalyst 
were compared to those formed over catalyst from other 
works. The comparison showed that although the alcohol yields 
were lowest in the Fe/Cu/Zn system, this catalyst gave 
a high selectivity for straight chain alcohols. If promoted 
by an alkali metal, as were the other catalysts, it may have 
the potential of forming more alcohols and less hydro-
carbons. 
Finally, characterization of the catalyst provided some 
physical explainations as to the low catalytic activity of 
the iron catalyst, as well as, to the cause of deactivation. 
Although x-ray diffraction data (Table 3.15) indicated that 
the particle size of the CuO and ZnO crystallites did not 
changed upon the addition of iron to the binary system, the 
surface area (Table 3.13) did change. The surface areas 
of the iron catlysts were found to be lower tl1an that of the 
Cu/ZnO catalyst. For instance, the surface area of the 
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2 2 tested 1.2% Fe catalyst was 0.4 m /g, compared to 37 m /g for 
the binary catalyst. After washing the iron catalyst with 
warm cyclohexane, however, the surface area was found to 
2 increase by as much as 15 m /g. This indicates that much 
of the catalyst was covered by surface carbon. From XPS 
spectra, the carbon was identified as being either of a 
graphitic or polymeric nature, but considering the type 
of chain-growth reactions involved 1n this system and the 
fact that cyclohexane, a solvent used in polymer chemistry, 
easily removed the surface carbon, it was evident that 
the carbon was a polymeric compound. Since no other im-
purities were found on the catalyst surface, it seemed that 
the low catalytic activity and catalytic deactivation ~ere 
due only to poisoning of the catalyst by surface carbon. 
Scanning Auger revealed that 68.9% of the s~rface was covered 
with carbon (Table 3.16). 
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5. Proposed.Further Studies 
Amoung the modified methanol catalist.s ::-.a: we:re 
studied in this research pr9ject, it was a~~are:-:: t~a: 
the Fe/Cu/ZnO system was the best· catalys: :o use:~ o:rier 
to synthesize higher alcohols from the hyirose:-:a:ic:-: c: 
carbon monoxide. Unlike the palladium anc :-:-.a:-:.::anese 
taining catalysts, the iron system pro:o·.:.::-:il~· a: tere.:: t:c:e 
product selectivity of the binary Cu .. ·zno ca:alys: ::c::. 
methanol to the higher alcohols. Therefo~e, i: is :~:..s· 
ternary catalyst that should be investi~ated ~~r:~e:. 
In order to understand the sur-face. c:1e::-..is:ry c: ::-.e 
Fe/Cu/ZnO system, further experiments, aside fto~ those 
already performed, involving catalyst character i :at ic:: 
should be carried o.ut. One suggestion,_ is that the catalys: 
sur·face should be analyzed by scanning tra.nsmission ele.::--
tron microscopy (.STEM). In this analysis, the morphoL)'---:y 
of the catalyst, the size and distribution of tht:> i'ron 
particles in the Cu/ZnO matrfx, could be detcr:111111.:d. This 
infonnt1tion could provide a. bette1· lmderst,:rnJin,1 as to .tht." 
physical and chemical t.'ffects of .iron lm the 1,in,ny \..·,1L1lyst. 
performed by Mossb:1ut"r spccLrosc.opy. This t.'Xl--'t.'rimcnt ,~<..'uld 
le.:.id to tiiC' identific..1t'i.on of the:' ox,i.datit.'!1 sL1tv t.)f iron 
111 Lhe tcrn..1ry C.Jl,1lyst- ,l!ld providt' furtht.'1" i1Ysi,1ht ,1S tL) 
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the active phase of the cat~lyst. 
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e-_-x·per_iment--, how_ e_v_er, a catalys·t e~...--~;...,... ... _;... ~ :., 
-·- -·- .. e ........ _ -·-· = e :-:-:...: s: !:)f: 
syrUhesiz.ed, since it is· this iro:: .:..sc:s;.e :::a: .:..s ::e:ec:at_:_:: 
_by the Mcissbauer spectrometer. - -- :)"' ,... - .. C. 
V- ... "-
naturally occuring in the iron usec. ''"' ::-:e ;:::'ese:-.: ::-a.:a..:..ys: 
preparations was below the detectat~e ~:~::s ~= :~~s -~-
strument. 
Once the catalyst is f~lly . . . c .1 a :-.·a. c : e :- :. : e .:: , 
on the catalyst surface in order to .:..:-:~~:-2\·e a.:-.::o:-. .::_:_ y.:..e.:..-::: 
and increase the alcohol to hydrocarbo~ ra:.:..c. 
catalyst preparations may be employei, s~th as :~r~e~~a::~~ 
the Cu/ZnO c.J.talyst with an iron sal: er ca::.·bo::y_;__, i:-: a:1 
attempt to increase both alcohol selecti\·i:y ,,r:,~ c.:i.:alyst 
activity. 
improvir1tJ the activity of the ternary c,1t3lyst. Fin.J.lly, 
addinq .:ilkal i metals to the tcrn,n-y systf'm tL~ 1n'-'::.-L',1SL' tlw 
!: 
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A. APPENDIX 
Al Analytical Calculations 
The response factors used to correct for the sensitivity 
of the thermal conductivity detector are listed in Table Al.l 
for each component. 
Table Al.l 
Response factors for a thermal conductivity detector 
Compound 
Alcohols 
Methanol 
Ethanol 
Isopropanol 
Propanol 
Isobutanol 
Butanol 
Isopentanol 
Pentanol 
Hydrocarbons 
Methane 
Ethylene 
Ethane 
Propylene 
Propane 
Butanes 
Pentanes 
Hexanes 
Heptanes 
Response 
Factor 
45 
72 
85 
83 
96 
95 
110 
110 
35.7 
48 
51. 2 
64.5 
64.5 
85 
105 
123 
143 
Compound 
Amines 
Response 
Factor 
I sopropy lamine ( jprN) 9 0 
Methyl-iPrN 115 
Dimethyl-iPrN 130 
Ethyl-iPrN 130 
Methyl,ethyl-iPrN 145 
n-propyl-iPrN 175 
Diethyl-iPrN 160 
Miscellaneous 
Nitrogen 42 
Carbon monoxide 42 
Carbon dioxide 48 
Water 33 
All response factors were taken from reference 43 except that 
for methanol and the amines which were taken from reference 37. 
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Al.l Relative Molar Concentration 
The relative molar concentration of ca~ponents in the exit 
stream (excluding hydrogen) were deter~ined fro~ the integrated 
areas under the peaks in the gas chromatograph. Hydrogen was 
excluded from the composition analysis since it was lighter than 
the carrier helium gas, and therefore, the integrated peak 
resulted in a negative value. The G. C. data were corrected for 
the sensitivities of each component by dividing the integrated 
areas by the respective response factors and then nor~alizing 
these numbers to give the percent molar concentration. 
example of these calculations is given in Table Al.2. 
Ar .. 
Table Al.2 
Example of determining the molar concentrations 
from G.C. data 
Component Integrated Response Area divided Relative 
Area % Factor(RF) by RF Cone.% 
co 64.719 42 l. 541 67.510 
CO2 21. 747 48 0.453 19.849 
H20 2.836 33 0.086 3. 765 
CII3 Oil 5.525 45 0.123 5.379 
CH 4 0.438 3 5. 7 0.012 0.538 
c2II 50H 4.421 72 0.061 2.690 
C2116 0.314 51. 2 0.006 0.269 
Total 100.000 2.283 100.00 
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Al.2 Material Balance 
The material balances were based on the number of carbon 
and oxygen atoms entering and leaving the reactor. The number 
of moles of CO and co2 entering the system was determined from 
the product of the inlet flow rate and the concentration of 
that component in the inlet stream. For an inlet flow of 15 
lit/hr at 25°C and 1 atm and a gas composition of H2/co/co2 
= 70/24/6 vol% the number of moles are calculated as follows: 
CO in= (15 lit/hr) (24%)/(24.4 lit/mole)=0.1475 moles/hr 
co2 in= (15 lit/hr) (6%)/(24.4 lit/mole) =0.0369 moles/hr 
C in= 0.1475 + 0.0369 = 0.1844 moles/hr 
0 in= 0.1475 + 2(0.0369) = 0.2213 moles/hr 
The information determined from the G.C. data were actually 
relative molar concentrations that did not include hydrogen 
in the gas mixture, and therefore, the exit concentration of 
the total gas mixture was unknown. For this reason, the number 
of outgoing moles could not be determined simply from the 
product of the exit flow rate and exit concentration. The 
number of moles were calculated based on the following procedure: 
1. calculate the relative molar concentration from 
the G.C. data as given in Table Al.2. 
2. calculate the percent distribution of oxygen atoms 
among the products, e.g. 
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% of O from CO 67.510 
= 67.510+2(19.849)+3.765+5.379+2.690 X lOO 
= 56.711 
3. assuming that all the oxygen atoms entering the reactor 
distribute among the products as given by step 2, 
calculate the moles of oxygen containing compounds,e.g. 
moles/hr of CO out= 0.2213(56.711%) = 0.1255 
4. since the relative molar concentrations are known, 
calculate the moles of the compounds containing only 
carbon, e.g. 
0.538 
moles/hr of CH4 =67 . 510 (0.1255) = 0.0010 
5. calculate the number of moles of carbon out and 
check with that entering. 
6. calculate an error based on the carbon balance, e.g. 
% error = Cin-Cout X 100 Cin 
A summary of these calculations are given in Table Al.3 
for each step. The total summation of values in step 5 gives 
the humber of carbon atoms leaving the reactor 0.1844 moles/hr, 
therefore the percent error in step 6 is zero. 
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Table Al.3 
Calculations for determining the material balance 
Component Steps 
1 2 3 4 5 
co 67.510 56. 711 0.1255 0.1255 
CO 2 19.849 33.347 0.0369 0.0369 
H2o 3.765 3.163 0.0070 
CH30H 5.379 4.519 0.0100 0.0100 
CH4 0.538 0.0010 0.0010 
C2H50H 2.690 2.260 0.0050 0.0100 
C2H6 0.269 0.0005 0.0010 
Total 100.000 100.000 0.1844 
Note, the assumption in step 3 becomes less valid for complex 
systems where c5+ oxygen containing compounds are formed and 
not included in the integrated areas of the G.C. data. However, 
since these compounds are produced in trace quantities, and 
since the number of oxygen atoms contained in these components 
is normally one, the error in this assumption becomes neuliqible. 
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Al.3 Calculation of conversions, yields and selectivities 
Calculation of conversions 
The conversions were calculated as a mole percent change 
between the inlet and outlet CO+ co2 concentrations: 
(CO+ CO2) conv, x = (N°CO + N°co2 )-(NCO + NC02) X lOO 
(N°CO + NCO~) 
where N°, N = inlet and outlet molar flow rates 
x =mole% 
Calculation of yields 
The yields were based on the weight of the product formed 
per hour per weight of catalyst: 
Yield, yi = 
where Mi = 
Ni = 
w = 
yi = 
NiMi 
w 
molecular 
molar flow 
weight of 
weight of the 
rate of the 
the catalyst 
g/kg cat/hr 
Calculation of selectivities 
.th 
component, g/mole l 
.th 
component, moles/hr l 
used, kg 
The selectivities were based on a percent of the number of 
moles of carbon in a component to the total number of moles of 
product formed: 
selectivity, s = CiNi 
CX) 
I CiNi 
i=l 
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where Ci= number of carbon atoms 1n the ith specie 
Nl. 1 fl f .th = mo ar ow rate o 1 component 
s = carbon atom% 
A.2 Catalyst Characterization - Calculations 
A2.l BET Surface Area Calculations 
The mathematical calculations for determining the surface 
area are given by equations Al through AS. 
- sample volume determination (He gas at 78%) 
Vs= r~~=~=J X Vd average 
- BET adsorption equations (Ar gas at 78%K) 
Pe 
-----= Va(PAr-Pe) 
V = ( 273 \ 
a 760TW) 
PAr = 0.3438P 
Pe 
1 + 
VmC 
(C-1) 
VmC 
I: L(Pd-Pe)Vd - (Pe-Pe')vs] 
- 59.22 
Adsorption Isotherm 
/ 
/ 
/ 
0 0.05 0.3 
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Vm = 1 (A6) slope+ intercept 
S.S.A. = Vm(6.02xlo
23
molecules/mole) (16.8xl0- 20m2Ar mole) 
(22400 cm3/mole) 
Measured data include: 
Pd= dosage pressure, torr 
Pe= equilibrium pressure, torr 
Pe'= previous equilibrium pressure, torr 
Vd = dosage volume (15.963 cm 3) 
T = room temperature, °K 
W = weight of sample, g 
Calculated parameters: 
3 
= sample volume, cm 
3 
= volume of gas adsorbed at pressure Pe, cm 
PN = partial pressure of liquid nitrogen at room 
2 
temperature, torr 
PAr= partial pressure of argon, torr 
C = exp[(Ea-Ec)/RT] where Ea= heat of monolayer, 
and Ee= heat of condensation 
S.S.A. = specific surface area, m2/g 
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A2.2 X-ray diffraction particle size calculations 
The angles at which the peaks were used for the particle 
size determination are given in Table A2.l. 
Compound 
Table A2.l 
Constants used in particle size measurements 
by X-ray diffraction 
e W' 
(Miller 1ndices) ( +O. 2 degrees) (+0.2mm) 
ZnO ( 100) 31.6 4.0 
ZnO ( 110) 56.6 4. 0 
CuO ( 111) 38.6 4. 0 
. e = angles at which peaks occur on the Philips x-ray 
diffractometer charts 
W' = width-at-half-height of highly crystalline materials 
The equation for determining the particle size is given by: 
(AB) 
0 
where, PS= particle size, A 
0 
A= wavelength of CuK~ radiation, 1.5418A 
W = measured half-width from x-ray diffraction 
~ charts, radians 
'J .. Ek==~ne half the 29 angle at which the peaks 
occur on the x-ray diffractometer charts, 
degrees .,/ ) 
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A3. Calculation of K for the WGS Reaction 
Exp+ained in reference (6), the equilibrium constant is 
defined by its relation to the equilibrium partial pressures, 
Keq 
eq 
. 
., 
'. 
/·. 
\ . 
for the reaction, ~ 
The value of the theoretical equilibrium constant is Keq 
= 64.l at 250°C and 75 atm. 
' The value of K for ~he-----WGS reaction over the 1.2% Fe 
catalyst was determined from the ratio of the experimentally 
measured partial pressures of H2 , CO, H2o and co2 . I 
example, at 250°C, 75 atm, 5000 hr-l, and H2/CO/C02 
the value of K was found to be: 
Pco PH 
K 2 2 (0.35) (0.56) 
= P cop H O = ( 5 3 . 2 4 ) ( 2 o . 5 6) = 0 · 
2 4 
2 
A4 Schulz-Flory Derivation 
For 
= 30/70/0,' 
The mathematical model that describes the molecular size 
distribution in linear polymers was derived by both Flory (41, 
42) and Schulz (43) in the 1930s. The theory is based on the 
assumption that all monomer units have an equal opportunity 
to react with the parent chain no matter what the size of the 
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polymer. Consider the following linear condensation polymer 
that terminates by the addition of a hydroxyl group: 
1 2 3 X -1 X 
The probability that a -CH2-group reacts, is a, whether it 
is the first, second or third groups to react. The probability 
x-1 that this linkage occurs for x-1 reactions, is a , and the 
probability that the last group is unreacted, is 1-a. Hence, 
the probability that a molecule contains x-monorner units is 
given by 
n 
X 
= ax-l(l-a) (A4 .1) 
The total number of molecules containing x-rners is given by 
x-1 N = N(l-a)a 
X (A4. 2) 
where N is the total number of molecules of all sizes, 
00 
N = I: Nx 
x=l 
If No is the total number of monomer units then 
00 
No = I: 
x-1 
X•Nx 
(A4. 3) 
( A4 • 4) 
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Dividing (A4.3) by (A4.4) and substituting in (A4.2) gives 
N [Nx 
= No [xNx 
= [N(l-a)ax-l = 
[xN(l-a)ax l 
But from a geometric series, 
and, 
= a l ( 1-ct 2) 
Substituting (A4.6) and (A4.7) into (A4.5) 
N=No(l-a) 
(A4. 5) 
(A4. 6) 
( A4 . 7) 
gives 
(A4. 8) 
and finally, combining (A4.2) with (A4.8) gives the Schulz-
Flory distribution 
2 x-1 Nx = No(l-a) a (A4. 9) 
Equation (A4.9) is frequently found in literature (4 ) in 
an equivalent but slightly different form. If the added 
weight of the end groups (equal to H + OH for each molecule) 
1s neglected then the weight fraction can be written as 
w 
X = 
xNx 
No 
Also, if a is approximately equal to 1, .then 
(1-a) 2 '.:! (ina) 2 
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Then the substitution of (A4.10) and (A4.ll) into (A4.9) 
gives another form of the Schulz-Flory distribution 
w = 
X 
2 X 
x (lna) a (A4.12) 
the error introduced by the approximations in Eq. A4.12 
will be significant only at very low molecular weights. 
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